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A 




ABSTRACT 


Human Markers for (S)-Nicodne Biotransformation and Pathology 

Title of Research Project (do not exceed 60 spaces) 


Department of Pharmaceutical Chemistry, University of California, San Francisco 

Department and Institution ~ " " ~ 


A relation between smoking and human disease has been clearly established, although a role for nicotine in 
this process has yet to be fully defined. Nicotine causes complex central nervous system, behavioral, 
cardiovascular, endocrine, neuromuscular and metabolic effects in humans. It is clear that smoking is a 
major risk factor for coronary and' peripheral vascular disease. Although nicotine itself is not carcinogenic, 
nicotine-derived nitros amines and other metabolites may be the causative agents for cancer in humans 
exposed to nicotine. A complete characterization of the health risk of nicotine requires the quantification of 
the metabolism, disposition, pharmacokinetics and genetic predisposition of a smoker to toxicating and 
detoxicating routes of metabolism. The balance between detoxication and toxication nicotine metabolic 
pathways may predispose humans to the pathological consequences of smoking. It is the hypothesis of this 
proposal that the differences in the rate of metabolism of nicotine underlie the susceptibility 
of humans to the pathological effects of nicotine. A thorough molecular knowledge of the toxicating and 
detoxicating pathways of nicotine metabolism may provide a fundamental basis for determining the relative 
susceptibility of humans to the pathological effects of tobacco. 

In collaboration with Professor Neal Benowitz and Dr. Peyton Jacob III of UCSF we shall specifically test 
this hypothesis. The studies are divided into two sections: 1) Determination of the stereochemistry 
of the major detoxication route of (S)-nicotine metabolism, namely (S)-nicotine N'-oxide, 
determination of the (S)-cotinine:(S)-nicotine N'-oxide ratio and the overall 
pharmacokinetic profile for deuterium labeled (S)-nicotine infused in healthy smokers, 
and 2) Determination of the molecular basis for (S)-nicotine N'-oxide formation in 
humans by analysis of detoxication enzymes by Northern and Southern blot analysis of 
blood of healthy smokers infused with deuterium labeled (S)-nicotine. 

We shall stereoselectively synthesize cis- and trans (S)-nicotine N'-oxides by a novel procedure recently 
developed in our laboratory. We shall use these standards to analyze the blood and urine of healthy smokers 
infused with deuterium labeled (S)-nicotine for the stereochemistry of (S)-nicotine N'-oxide formation and 
thus deduce the involvement of the flavin-containing monooxygenase (FMO) in ($)-nicotine detoxication. 
The pharmacokinetics of (S)-nicotine, (S)-cotinine and (S)-nicotine N’-oxide disposition will be determined 
by novel, recently developed gas chromatography (GC) and GC-mass spectrometry analytical techniques. 

We shall obtain cDNA probes recently made available in our laboratory to perform Northern and Southern 
blot analysis of blood of smokers to quantify the mRNA levels and gene copies of human lung and liver 
FMO. Knowledge of the (S)-cotinine to (S)-nicodne N*-oxide ratio coupled with FMO levels may lead to 
general strategies for predicting human susceptibility to the pathological consequences of nicotine. 
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Principal Investigator : John R. Cashman 


/ 

RELEVANCE STATEMENT 


Describe briefly the importance of your research to tobacco-related disease and what impact 
your research might have on these diseases and the California population at risk. Do not exceed 
one page. 


Approximately 30% of adult Californians smoke despite convincing knowledge of the health hazards of 
smoking (1). A relation between smoking and human disease (central nervous system, behavioral, 
cardiovascular, endocrine, neuromuscular, metabolic, coronary and peripheral vascular diseases as well as 
cancer) has been clearly established, although a role for nicotine in this process has yet to be fully defined (2). 

Careful pharmacokinetic investigations of humans infused with stable isotope-labeled nicotine by 
Professor N.L. Benowitz and Dr. Peyton Jacob III (10-12) combined with highly sensitive analytical methods 
developed in their laboratory (22) have shown that for Californians, only 3-5% of (S)-nicotine is identifiable as 
(S)-nicotine N’-oxide. In contrast, research groups working in die United Kingdom have reported as much as 
60% of a dose of (S)-nicotine is converted to (S)-nicotine N'-oxide (19). This observation, coupled with the 
fact that only 35-40% of ingested nicotine is accounted for (in Californians) in terms of identifiable metabolites, 
presents a most challenging task for risk analysis of the effect of nicotine metabolism on human disease. These 
facts point out the need for nicotine metabolism studies employing a reliable method to quantify administration 
and elimination of drug in humans. 

The fact that Gorrod et al. determined that a high cotinine:nicotine N’-oxide ratio was positively 
correlated to bladder cancer in human cigarette smokers bears on the current controversy surrounding (S)- 
nicotine N’-oxide formation in Californians and the British. Because we and others (30,54) postulate that 
flavin-containing monooxygenase catalyzed (S)-nicotine N*-oxygenation is the major route of detoxication for 
nicotine, the large discrepancy between Californian and British nicotine N’-oxide levels may suggest that 
Californians with high cotininemicotine N’-oxide ratios are particularly susceptible to the pathological effects of 
cigarette smoking. 

Finally, the fact that only 35-40% of ingested nicotine is accounted for in terms of identifiable 
metabolites points out the need for careful metabolic and elimination studies in humans. 

Estimation of the intake and metabolism of nicotine by tobacco users is of fundamental use to 
researchers studying smoking behavior, as well as epidimiologists and clinicians assessing health risks. 
Because it is likely that human genetic polymorphism exists for FMO (54) and genetic deficiency of FMO may 
make humans especially susceptible to the pathological effects of nicotine (30) it is important to evaluate 
smokers for the presence of FMO. With the recent cloning and sequencing of animal and human liver and lung 
FMO we can now assess the contribution of FMO-mediated nicotine hf-oxygenation to the overall metabolism 
and pathology of nicotine. 
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Principal Investigator: 


John R. Cashman 


KEY PERSONNEL 


Name. Degree (s) 

Position Title and Project Role 

Department and 
Organization 

John Cashman. Ph.D. 

Principal Investigator 

Department of Pharmaceutical 
Chemistry, UCSF 

Neal Bcnowitz, M.D. 

Co-investigator 

Division of Clinical Pharmacology, 
UCSF 

Peyton Jacob HI, Ph.D. 

Co-investigator 

Division of Clinical Pharmacology, 
UCSF 

Sang Bum Park, Ph.D. 

Postdoctoral Fellow 

, Department of Pharmaceutical 
Chemistry, UCSF 

Jodie Thomas, M.S., DEA. 

Postgraduate Researcher 

Department of Pharmaceutical 
Chemistry, UCSF 

Patricia Buley, B.S. 

Research Assistant 

Division of Clinical Pharmacology, 
UCSF 

David Williams, Ph.D. 

Consultant 

Oregon State University 

Ronald Hines, Ph.D. 

Consultant 

Wayne State University 
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3 

(PERSONNEL (Applicant organization only) 1 

%FTE 

%FTE 

%FTE 

NAME 

Role in Project 

AppL 

on 

Project 

Salary 

Request 

JR Cashman 

Principal Investigator 

1.00 

5% 

5% 

N Benowitz 

Co-Investigator 

1.00 

2.50% 

0% 

P Jacob III 

Assoc. Res. Chemist 

1.00 

2.50% 

0% 

SB Park 

Postdoctoral Fellow 

1.00 

100% 

100% 

J Thomas 

Research Assistant 

0.50 

80% 

40% 

PBuley 

Research Assistant 

0.50 

10% 

5% - 

Fringe rates: 
Fringe rate: 

Academic 

Research Assistants 

23.50% 

4.66% 




FROM 

07/01/91 

THROUGH 

06/30/92 

DOLLAR AMOUNT REQUESTED (Omft cents) 

SALARY 

FRINGE 

BENEFITS 

TOTALS 


,9 




X 




SUBTOTALS 


CONSULTANT AND CONTRACTUAL COSTS 


EQUIPMENT (Itemize) 





ILKB Model 2297 Macrodrive 5 Power Supply 

3,000 



Refrigerator (spark proof) 


800 



Haake Water Bath Circulator 


1,200 


5,000 

SUPPLES AND EXPENSES (Itemize by category) 




Radio sot opes 

1,000 

Radiation Safety Supplies and 

1,600 


KRs for Genetics 

800 

Disposal 



Chemicals, Cofactors, Enzymes 

600 

Chemical Synthesis 

1,000 


Nitrocellutose, Blots and Sheets 

200 

NMR Time and Supplies 

300 


X-ray and Polaroid Film 

200 

Pipettmen 

1,000 


Electrophoresis Box for Minigels 

300 

Oligonucleotide Synthesis 

1.500 


Enzymes for Genetics 

600 

Mass Spectrometry Expenses 

4,000 

i 

Glassware and Plasticware 

400 

Maintenance and Repair 

800 


HPLC Supplies, Columns 

2,600 

Duplication, Telephone 

500 


Electrophoresis Supplies 

1,000 

Publication Costs 

600 




Office Supplies 

200 

19,200 


TRAVEL 


PROJECTED-RELATED 


SCIENTIFIC MEETING(S) 


PI & Posldoct to attend scientific meetings 


1,000 


TOTAL DIRECT COST FOR YEAR 01 BUDGET PERIOD • 


75,000 
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Principal tnvestioator : John R. Cashman 


BUDGET JUSTIFICATION 

(see Section Vtl of Instructions) 

PERSONNEL 

Principal Investigator . Study of the enzyme mechanism and molecular aspects of the human flavin-containing 
monooxygenase constitutes the major research project in our laboratory. Although the research focuses on a 
single important human metabolite of (S)-nicotine, the experimental approaches involved will range from 
genetics to chemical synthesis. The PI shall be heavily involved with this project and requests 5% of his 
salary. The consultants have not requested any additional support fees. The PI has long standing 
collaoorations with the consultants and routinely shares reagents, assays and expertise. He will supervise the 
project and direct Dr. Park and Ms. Thomas. 

Co-Investigator. Professor N.L. Benowitz is a nationally and internationally known clinician who has studied 
the pharmacological, metabolic, behavioral and chemical effects of nicotine on humans. He will be responsible 
for recruiting the subjects, administering the (S)-nicotine and obtaining blood and urine samples. Over 100 
humans have been infused with stable isotope labeled (S)-nicotine in his laboratory. The human protocol 
outlined herein comes directly from a human protocol that is approved and operational in his laboratory. We 
have both had a long standing interest in the N-oxygenation of tertiary amines and we look forward to 
continuing our work in this area. 

Co-Investigator . Dr. Peyton Jacob HI is a nationally renowned medicinal chemist who has pioneered many 
chemical and metabolic studies of nicotine. His responsibilities will include the design and execution of 
strategies required for the GC and GCMS analysis of (S>nicotine and nicotine metabolites. He will supervise 
the work of Patricia Buley in the acquisition and interpretation of routine pharmacokinetic analysis of infused 
d 2 -(S)-nicotine. He will synthesize and oversee the sterilization and purity of d 2 *(S)-nicotine. 

Postdoctoral Fellow. Dr. Sang Bum Park is a medicinal chemist who has been a postdoc in my laboratory for 
the last 5 months. In that time he has very ably stereoselectively synthesized S-oxides and N-oxides of drugs 
and chemicals by the modified Shaipless method and by enzymatic procedures. He has done metabolism 
studies and developed new HPLC methods. His responsibilities wifi include: a) stereoselective synthesis and 
characterization of (S)-nicotine N’-oxides by NMR, CD, MS, UV-vis, IR and HPLC, b) metabolism of (S)- 
nicotine in human liver and lung microsomes and highly purified FMO and other enzyme preparations, and c) 
routine HPLC analysis of metabolic extracts from human blood and urine. 

Postgraduate Researcher. Ms. Joelle Thomas is a visiting researcher from France. She has extensive 
experience in the protein chemistry and molecular biology of monooxygenases. Currently, she is performing 
molecular biology studies of FMO in my laboratory. Her responsibilities shall include: a) transfection, 
production and sequencing of human liver and lung FMO cDNA oligonucleotide probes for use in Northern 
and Southern blot analysis, b) Northern and Southern blot analysis of mRNA blood from cigarette smokers 
infused with nicotine, and c) other microsome or protein purification as needed for Dr. Sang Bum Park 
(described above). 

Research Assistant. Ms. Patricia Buley is a research assistant in the laboratory of Drs. Benowitz and Jacob. 
She runs the GC and mass spectrometer for die routine pharmacokinetic analysis of extracted human blood and 
urine samples. Her responsibilities shall include a) extraction of blood and urine samples of humans dosed 
with d 2 -(S)-nicotine and b) GC and GCMS analysis of extracts of human blood and urine for (S)-nicotine, (S)- 
cotinine, (S)-nicotine N’-oxide (and possibly 3-hydroxycotinine). 



Ill 

m 

■ilgtjS 




EQUIPMENT 

A minimal amount of equipment is requested to augment the equipment currently on hand. A Haake 
water bath ($1,200) is required for use with our water-cooled Macrophor DNA electrophoresis unit required 
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for mRNA. The pump that we currently use is old and unreliable. A new rcfrigerator/freezer dedicated to 
blood and urine samples is requested. Our current refrigerator/freezer unit is old and unreliable and we need to 
avoid contamination or degradation of these precious samples. 

Expendable Supplies . A minimal amount of basic supplies are requested for use in our studies. Radioisotopes 
for nick translation, sequencing and Southern and Northern blots will be extensive: a [ 32 P) — dNTPs, a["S] 
sATP, a[ 32 P]-ATP and [ 35 SJ-methionine will cost $1,000 per year. In connection with our use of 
radioisotopes are associated scintillation supplies including cocktail, vials and standards ($400), radiation 
safety protection gloves, lab coats, goggles, shields ($200) and radiation disposal (1,000) at $51/cu ft dry 
waste, ($15/tray) and liquid waste ($20/gaI) are expected to increase 10%. We shall make extensive use of 
chemicals and enzymes for genetic work including: restriction endonucleases, T4-polynucleotide kinase, DNA 
polymerase, DNA ligase, terminal transferase, Klenow fragment, RNAse, reverse transcriptase, etc. for a total 
of $600 . A number of expensive genetic kits available for nick translation^ random priming, sequencing, 
transcription, translation and other cloning kits will cost ($800). A number of expensive hi gh quality 
chemicals including: IPTG, X-Gal, TRIS, agarose, glycerol will cost ($400) and cofactors NADPH, FAD, 
etc. and enzymes will cost ($200) per year. Because we will perform a large number of Northern and 
Southern blots, nitrocellulose blots and sheets will cost ($200). X-rav and polaroid film will be essential for 
DNA sequencing. Northern and Southern blots and cloning and subcloning and will cost ($200). Disposable 
plasticware and glassware including petri dishes. Falcon tubes, culture tubes, centrifuge tubes, pipette tips, 
beakers, filter sterilizers as well as synthetic chemistry glassware and pipettes will cost ($400). HPLC 
su pplies for enzyme assays, pharmacokinetic sample assay shall require solvents ($1,000), chiral and normal 
and RP columns ($1,200) and UV-vis lamp ($400). We need to dedicate an electrophoresis box ($300) for 
RNA minigels to avoid contamination and degradation, etc. ' 'Electrophoresis supplies including buffers, gels, 
standards, syringes and maintenance shall cost ($1,000) per year for both protein and DNA work. General 
laboratory synthetic chemicals, solvents, buffers, reagents and other supplies will cost ($1,000) per year. 
NMR time at $ 10/hr will cost ($200). NMR supplies including solvents, chiral shift reagents, tubes and 
references will cost ($100). A separate set of pipettmen (20,200 and 1000) will cost ($1,000) per year and are 
dedicated to RNA extraction and Northern and Southern analysis. 


OTHER EXPENSES 

Oligonucleotide expenses of primers and probes for Northern and Southern blots will be ($1,500) per year (the 
UCSF Biotnolecular Resource Center synthesizes our oligos for a fee ($35) set up, ($5) per base and ($30) 
purification or approximately ($300) per probe. We shall synthesize 5 probes. 

Mass spectrometry costs associated with operating expenses for obtaining metabolic profiles and 
pharmacokinetics for infused nicotine studies (GCMS) shall be ($4,000) per year. 

Maintenance and repair of HPLC, GC, UV-vis systems necessary for this project shall cost ($800) per year. A 
30% UV-vis service contract is ($500), HPLC service is ($60) per hour (parts are extra) and gases and 
columns for GC shall total ($800) per year. 

Duplication and telephone costs for this project will cost ($15) and ($26) per month, respectively for a total of 
($500) per year. 

Publication costs will include page charges, submission costs, abstract fees and reprint costs. For 2 
publications we request ($600) per year. 

Office supplies including paper, pens, research notebooks, computer paper and books pertinent to the research 
proposed shall cost ($200). 
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Principal Investigator,_ John R. Cashman 


BIOGRAPHICAL SKETCH 


NAME 

POSITION TITLE 


John Richard Cashman 

Assistant Professor 


EDUCATION (beoin with baccalaureate and include postdoctoral training) 



Institution and Location 

Field of Study 

Degree 

Year 

University of California, Santa Barbara 

Chemistry 

B.A. 

1977 

University of California, Santa Barbara 

Biology 

B.A. 

1977 

Kansas University, Lawrence, Kansas 

Medicinal Chemistry 

M.S./Ph.D. 

1982 

Harvard University, Cambridge, Massachusetts 

Bioorganic Chemistry 

Postdoc 

1984 


RESEARCH AND PROFESSIONAL EXPERIENCE (begin with present position; on a separate page, list 
in chronological order the titles and complete references of all articles published during the last 5 years; Sst all 
earlier publications that are pertinent to this application; do not exceed one complete page for publications) 


EXPERIENCE 

1984-present - Assistant Professor of Chemistry and Pharmaceutical Chemistry, University 

of California, San Francisco, California 


OTHER EXPERIENCE 
1985-1988 

1986 

1987 

1987 

1988 

1988,1990 

1990 


Membership Committee, Division of Medicinal Chemistry, American 
Chemical Society 

Ad Hoc Member, Executive Committee, California State Toxic Substances 
Research and Training Program 

Committee Member, National Institute of Environmental Health and Science 
Hazardous Substances Basic Research "Superfund” Program, Phase I 
Committee Member, National Science Foundation "Environmental Chemistry 
and Chemical Processes" Program 

Committee Member, National Institute_of Environmental Health and Science 
Hazardous Substances Basic Research "Superfund" Program, Phase II 
Committee Member, University Task Force on AIDS, Biological Sciences 
Study Section 

San Francisco Estuary Project, Technical Advisory Committee 


MEMBERSHIP AND AWARDS 


redacted 


•- PUBLICATIONS (selected from 56) 

1. Contribution of N-Oxygenation to the Metabolism of MPTP by Various Liver Preparations. 

JJL Cashman and D.M. Ziegler. Molec. Pharmacol. 29,163-167 (1986). 

2. Mutagenicity of MPTP (l-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine) and its Metabolites. 

? J.R. Cashman. Toxicology 43, 173-182 (1987). 

? 3. A Convenient Radiometric Assay for Flavin-Containing Monooxygenase Activity. J.R. Cashman. 

Anal. Biochan. 160, 294-300 (1987). 

4. Epoxy Derivatives of Arachidonic Acid are Potent Stimulators of Prolactin Secretion. J.R. Cashman, 
•. D. Hanks, and R.L Weiner. Neuroendocrinal. 46,246-251 (1987). 

* 5. Arachidonate 15-Lipoxygenase from Human Eosinophil-Enriched Leukocytes: Partial Purification of 

Human Eosinophil 15-Lipoxygenase. E. Sigal, D. Grunberger, J.R. Cashman, C.S. Craik, 

G.S. Caughcy, and J. Nadel. Biochem. Biophys. Common. 150, 376-383 (1988). 
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6. Facile N-Oxvgenation of MPTP by the Flavin-Containing Monooxygenase. A Convenient Synthesis 
ofTritiated [%-CH 3 ]-MPDF + . J.R.Cashman. A Med. Chem. 31. 1258-1261 (1988). 

7. Stereoselective N-Oxigenation of Zuneldine and Homozdmeldine by the Flavin-Containing 
Monooxygenase. J.R. Cashman, J. Proudfoot, D.W. Pate, and T. Hogberg. Drug Metab. Dispos. 
16, 616 : 622 (1988). 

8. Leukotriene Receptor Antagonists. J.R. Cashman and S. Oliva. Drugs of Today 24,723-732 
(1988). 

9. Inhibition of Human Leukocyte 5-Lipoxygenase by 15-HPETE and Related Eicosanoids. 

JR. Cashman, C. Lambert, and E. Sigal. Biochem. Biophys. Res. Commun. 155, 38-44 (1988). 

10. A Reverse-Phase Liquid Chromatographic Assay for Flavin-Containing Monooxygenase Activity. 

J.R. Cashman and J. Proudfoot Anal. Biochem. 175, 274-280 (1988). 

11. S-Oxygenation of Eptam in Hepatic Microsomes from Fresh- and Saltwater Striped Bass (j Morone 
saxatillis). JR Cashman, L. Olson, G. Young, and H. Bern. Chem. Res. Toxicol. 2, 392-399 
(1989). 

12. Chemical and Enzymatic Oxidation of 2-AiyI-13*Oxathiolanes: Mechanism of the Hepatic Flavin- 
Containing Monooxygenase. J.R. Cashman, J. Proudfoot, Y.-K. Ho, M.S. Chin, and L.D. Olsen. 

/. Amer. Chem. Soc. Ill, 4844-4852 (1989). 

13. Canrenone Formation via General-Base Catalyzed Rearrangement of 7a-(Methylthio)spironolactone 
S-Oxide. J.R. Cashman ans S. Pena. Chem. Res. Toxicol. 2, 109-113 (1989). 

14. 5,6-Epoxyeicosatrienoic Acid Stimulates Growth Hormone Release in Rat Anterior Pituitary Cells. 

J. R. ashman. Life Sciences 44(19), 1387-1393 (1989). 

15. Eicosanoids Evoke the Release of Amylase and Increase Cytoplasmic Calcium in Rat Parotid ails. 

K. W. Snowdowne, L. Rosenoer, E. Yu, and J.R. ashman. Biochem. Biophys. Res. Commun. 
161, 379-384 (1989). 

16. Enantioselecdve N-Qxygenation of Verapamil by the Hepatic Flavin-Containing Monooxygenase. 

J.R. ashman. Molec. Pharmacol. 36, 497-503 (1989). 

17. S-Oxygenadon of 7a-Thiomethylspironolactone by the Flavin-Containing Monooxygenase. 

J.R. Oshman and S. Pena. Drug Metabolism and Drug Interactions 6, 337-348 (1989). 

18. Enantioselecdve S-Qxygenadon of para MethoxyphenyI-l,3-dithiolane by Various Tissue 
Preparations, Effect of Estradiol. J.R. Cashman, L.D. Olsen, C.E. Lambert, and M. J. Presas. Mol. 
Pharmacol. 37,319-327 (1990). 

19. Stereoselective S-Oxygenation of 2-Aryl-l,3-dithiolanes by Rabbit Lung Preparations. J.R. Cashman 
and D.E. Williams. Mol. Pharmacol. 37,333-339 (1990). 

20. S-Oxygenation of Dialkyl Sulfides by a Modified Sharpless Reagent: A Model System for the Flavin- 
Containing Monooxygenase. J.R. Oshman, L.D. Olson, and L. Bomheim. J. Amer. Chem. Soc. 
112, 3191-3195 (1990). 

21. N-Terminus Determination, FAD and NADP 4- Binding Domain Mapping of Hog Liver Flavin- 
Containing Monooxygenase by Tandem Mass Spectrometry. S. Guan, A. Falick, and J.R. Cashman. 
Biochem. Biophys. Res. Commun. 170, 937-943 (1990). 

22. Enantioselecdve S-Oxygenation by Hepatic Flavin-Cbntaining and Cytochrome P-450 
Monooxygenase. JR. Oshman, L.D. Olsen, and L. Bomheim. Chem. Res. Toxicol. 3, 344-349 
(1990). 

23. Stereoselective S-Oxygenation of 2-Aryl-1,3-Dithiolanes by Hog Liver Flavin-Containing 
Monooxygenase. JR. Cashman and L.D. Olsen. Mol. Pharmacol. 38,573-585 (1990). 

24. S-Oxygenation ofThiobencarb (Bolero) in Hepatic Preparations from Striped Bass ( Morone saxatillis) 
and Mammalian Systems. JR. Cashman, L.D. Olsen, R.S. Nishioka, E.A. Grey, and H.A. Bern. 
Chem. Res. Toxicol. 3, 433-440 (1990). 

25. Analysis of Amine Metabolites by Ion-Pur High Performance Liquid Chromatography. 

J.R. ashman and 2.-C. Yang. J. Chromatog. 532,405-410 (1990). 

26. Oxidation of Norrimeldine Hydroxylamine by Hepatic Monooxygenases. JR Cashman, 

Z.-C. Yang, and T. Hdgberg. Chem. Res. Toxicol. 3,428-432 (1990). 

27. Thioamidcs. JR Cashman. In Sulfur-Containing Drugs and Related Organic Chemicals: 

Chemistry, Biochemistry and Toxicology, Vol. 1, pp. 35-48. Edited by L.A. Damani, Chichester, 
UK: Ellis Horwood Limited, 1989. 

28. Antiinfectivc Properties of Malathion. R.C. Wester and J.R. Cashman. In Sulfur-Containing Drugs 
and Related Organic Chemicals: Chemistry, Biochemistry and Toxicology, Vol. 3, pp. 181-196. 
Edited by L.A. Damani, Chichester, UK: Ellis Horwood Limited, 1989. 
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Principal Investigator:_ John R. Cashman 

BIOGRAPHICAL sketch 


\ 


NAME 

POSITION TITLE 


Neal X Benowitz 

Associate Professor 


EDUCATION (beoin with baccalaureate and include DostdoctorattraininaV- 



Institution and Location 

Field of Study 

Degree 

Year 

Rcnnsclacr Polytechnic Institute 

Physics 

- 

- 

University of Rochester School of Medicine 
Rochester, New York 

Medicine 

M.D. 

1969 


RESEARCH AND PROFESSIONAL EXPERIENCE (begin with present position; on a separate page, list 
in chronological order the titles and complete references of all articles published during the last 5 years; 1st alt 
ear*er publications that are pertinent to this application; do not exceed one complete page for publications) 


EXPERIENCE 

1969-1971 

1971-1973 

1973- 1974 
1975-1976 
1979-present 

1974- present 
1974-1981 
1981-present 
1983-present 


Intern and Resident, Internal Medicine, Bronx Municipal Hospital Center, Bronx, 
New York 

Fellow in Clinical Pharmacology, Department of Medicine, University of 
California, San Francisco 

Clinical Instructor, Department of Medicine, University of California, San 
Francisco 

Director, Drug Detoxification Unit, San Francisco General Hospital, San 
Francisco, California __ 

Associate Medical Director, San Francisco Bay Area Regional Poison Center, San 
Francisco, California 

Member of Staff, Medical Service, San Francisco General Hospital, San 
Francisco, California 

Assistant Professor in Residence, Departments of Medicine and Psychiatry, 
University of California, San Francisco 

Associate Professor, Departments of Medicine and Psychiatry, University of 
California, San Francisco 

Chief, Division of Clinical Pharmacology, University of California, San Francisco 


HONORS 


REDACTED 


i 


PUBLICATIONS (Partial list-Total Publications 126) 

1. E.R. Gritz, V. Baer-Weiss, N.L. Benowitz, H. Van Vunakis, and M.E. Jarvik. Plasma Nicotine and 
Cotinine Concentrations in Habitual Smokeless Tobacco Users. Clin. Pharmacol. Ther. 30,201-209 
(1981). 

2. P. Jacob HI, M. Wilson, and N.L. Benowitz. Nicotine and Cotinine Determination in Biologic 
Fluids: An Improved Gas Chromatographic Method. J. Chromatog. 222,61-70 (1981). 

3. NX. Benowitz, F. Kuyt, and P. Jacob III. Circadian Study of Blood Nicotine Concentrations During 
Cigarette Smoking. Clin. Pharmacol. Ther. 32,758-764 (1982). 

4. NX. Benowitz, P. Jacob HI, R.T. Jones, and J. Rosenberg. Interindividual Variability in the 
Metabolism and Cardiovascular Effects of Nicotine in Man. J. Pharmacol. Expt. Ther. 221,368-372 
(1982). 
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5. NX. Benowitz, S.M. Hall, R.I Hcming, P. Jacob III, R.T. Jones, and A.-L. Osman. Smokers of 
Low Yield Cigarettes Do Not Consume Less Nicotine. N. Engl. J. Med. 309,139-142 (1983). 

6. NX. Benowitz, F. Kuyt, P. Jacob III, R.T. Jones, and A.-L. Osman. Cotinine Disposition and 
Effects. Clin. Pharmacol. Ther. 34,604-611 (1983). 

7. D. Foliart, N.L. Benowitz, and C.E. Becker. Passive Absoiption of Nicotine in Flight Attendants 
(Letter). New Eng. J. Med. 308, 1105 (1983). 

8. R.I. Hcming, R.T. Jones, N.L. Benowitz, and A.H. Mines. How a Cigarette is Smoked Determines 
Nicotine Blood Levels. Clin. Pharmacol. Ther. 33,84-90 (1983). 

9. N.L. Benowitz. The Use of Biologic Fluid Samples in Assessing Tobacco Smoke Consumption. In 
Measurement in the Analysis and Treatment of Smoking Behavior. Edited by J. Grabowski and 
C.S. Bell. NIDO Monograph 48,6-26 (1984). 

10. N.L. Benowitz, F. Kuyt, and P. Jacob III. Influence of Nicotine Delivery on the Cardiovascular and 
Hormonal Effects of Cigarette Smoking. Clin. Pharmacol. Ther. 36,74-81 (1984). 

11. P. Jacob ID, C. Savanapridi, L. Yu, M. Wilson, A.T. Shulgin, N.L. Benowitz, B.A. Elias-Baker, 
S.M. Hall, R.I. Heming, R.T. Jones, and D.P.L. Sachs. Ion-Pair Extraction of Thiocyanate from 
Plasma and Its Gas Chromatographic Determination Using on-Column Alkylation. Analyt. Chem. 

56, 1692-1695 (1984). 

12. NX. Benowitz and P. Jacob III. Nicotine and Carbon Monoxide Intake from High- and Low-Yield 
Cigarettes. Clin. Pharmacol. Ther. 36,265-270 (1984). 

13. S.M. Hall 1 , R.I. Heming, R.T. Jones, N.L. Benowitz, and P. Jacob HI. Blood Cotinine Levels as 
Indicators of Smoking Treatment Outcome. Clin. Pharmacol. Ther. 35,810-814 (1984). 

14. NX. Benowitz and' P. Jacob m. Daily Intake of Nicotine During Cigarette Smoking. Clin. 
Pharmacol. Ther. 3S, 499-504 (1984). 

15. Participants: N. Benowitz, M. Feinleib, C. Feyerbend, et al. Is There a Future for Lower-Tar-Yield 
Cigarettes? Lancet (November) 16,1111-1114 (1985). 

16. NX. Benowitz and P. Jacob HI. Nicotine Renal Excretion Rate Influences Nicotine Intake During 
Cigarette Smoking. J. Pharmacol. Exp. Ther. 234,153-155 (1985). 

17. R.P. Simon, N. Benowitz, R. Hedlund, and J. Copeland. The Influence of the Blood-Brain pH 
Gradient on Brain Phenobarbital Uptake During Status Epilepdcus. /. Pharmacol. Exp. Ther. 234, 
830-835 (1985). 

18. S.M. Hall, C. Tunstall, D. Rugg, R.T. Jones, and N. Benowitz. Nicotine Gum and Behavioral 
Treatment in Smoking Cessation. J. Consult. Clin. Psychol. S3, 256-258 (1985). 

19. S.M. Pond, M.J. Kreek, T.T. Tong, J. Ragunath, and NX. Benowitz. Altered Methadone 
Pharmacokinetics in Methadone-Maintained Pregnant Women. J. Pharmacol. Exp. Ther. 233,1-6 
(1985). 

20. NX. Benowitz. Clinical Pharmacology of Nicotine. Annual Review of Medicine, Vol. 37. Edited by 
WJ*. Creger. Palo Alto, California: Annual Reviews, Inc., 1986, pp. 21-32. 

21. N.L. Benowitz, O. Jacob HI, L. Yu, and R. Talcott Reduced Tar, Nicotine and Carbon Monoxide 
Exposure While Smoking Low and Ultra-Low Yield Cigarettes. JAMA 256,241-246 (1986). 

22. P. Jacob HI, N.L. Benowitz, L. Yu, and A.T. Shulgin. Determination of Nicotine N-Oxide by Gas 
Chromatography Following Thermal Conversion to 2-Methyl-6-(3-Pyridyl)-Tetrahydro- 1,2-Oxazine. 
Analyt. Chem. 58, 2218-2221 (1986). 

; 23. N.L. Benowitz, P. Jacob III, L. Kozlowski, and L. Yu. Influence of Smoking Fewer Cigarettes on 

X Exposure to Tar, Nicotine, and Carbon Monoxide. N. Engl. J. Med. 314,1310-1313 (1986). 

f 24. NX. Benowitz, R.T. Jones, and P. Jacob HI. Additive Cardiovascular Effects of Nicotine and 

t EthanoL Clin. Pharmacol. Ther. 40,420-420 (1986). 

25. BX. Lee, NX. Benowitz, and P. Jacob in. Influence of Tobacco Abstinence on the Disposition 
I Kinetics and Effects of Nicotine. Clin. Pharmacol. Ther. 41,474-478 (1987). 

:• 26. NX. Benowitz, P. Jacobin, and C. Savanapridi. Determinants of Nicotine Intake While Chewing 

7 Nicotine Polacrilex Gum. Clin. Pharmacol. Ther. 41,467-473 (1987). 

5 27. P. Jacob HI, B.A. Elias-Baker, R.T. Jones, and NX. Benowitz. Determination of Benzoylecgonine 

.’i, and Cocaine in Biologic Fluids by Automated Gas Chromatography. J. Chromatog. (1987). 

28. N.L. Benowitz, T. Lake, K.H. Keller, and B.L. Lee. Prolonged Absorption with Development of 
Tolerance to Toxic Effects Following Cutaneous Exposure to Nicotine. Clin. Pharmacol Ther. 

G987). 

29. CJ. Lynch and NX. Benowitz. Spontaneous Brand Switching: Consequences for Nicotine and 
Carbon Monoxide Exposure. Am. J. Public Health. (1987). 

30. B.X Lee, NX. Benowitz, and P. Jacob IH. Cigarette Abstinence, Nicotine Gum and Theophylline 
Disposition. Ann. Int. Med. 106, 553-555 (1987). 
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BIOGRAPHICAL SKETCH 


NAME 

POSITION TITLE 


Sang Bum Park 

Postdoctoral Fellow 


EDUCATION (beain with baccalaureate and include rostdoctoral training 



Institution and Location 

Field of Study 

Degree 

Year 

Yonsei University 

Seoul, Korea 

Geochemistry 

B.S. 

1973- 

Western Washington University 
Bellingham, Washington 

Chemistry 

B.S. 

1984 

University of Washington 

Seattle, Washington 

Medicinal Chemistry 

Ph.D. 

1990 


RESEARCH AND PROFESSIONAL EXPERIENCE (begin with present position;on a separate page, list 
in chronological order the titles and complete references of all articles published during the last 5 years; list all 
earlier publications that are pertinent to this application; do not exceed one complete page for publications) 


EXPERIENCE 

1990 - present — Postdoctoral Fellow, Department of Pharmaceutical Chemistry, University 

of California, San Francisco 

1985-1990 — Research Assistant, University of Washington, Seattle, Washington 

K1EA1BERSHIPS — nrri a r~'T'cn 


PUBLICATIONS 

1. G.P. Meier, S.B. Park, G.C. Yee, D J. Gmur. Isolation, Identification and Semisynthesis of a 
Unique Human Cyclosporin Metabolite. Drug Metab. Disp. 18,68-71 (1989). 

2. G J*. Meier and S.B. Park. A Semi-Synthedc Approach to Olefinic Analogs of Amino Acid One 
(MeBmt) in Cyclosporin A. Tetrahedron Lett. 30,32-37 (1989). 
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NAME 
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Peyton Jacob in 

Associate Research Chemist 

EDUCATION (beain with baccalaureate and include Dostdoctoral irainina) 



Institution and Location 

Field of Study 

Degree 

Year 

University of California, Davis 

Chemistry 

B.S. 

1969- 

Purdue University, Lafayette, Indiana 

Organic Chemistry 

Ph.D. 

1975 

University of California, San Francisco 

Pharmaceutical Chemistry 

Postdoc 

1975-1978 


RESEARCH AND PROFESSIONAL EXPERIENCE (begin with present position; on a separate page, list 
in chronological order the titles and complete references of all articles published during the last 5 years; list all 
earlier publications that are pertinent to this application; do not exceed one complete page for publications) 


EXPERIENCE 

1969-1975 

1975-1978 

1978-6/1984 

7/1984-present — 


Teaching and Research Assistant, Department of Chemistry, Purdue University, 
W. Lafayette, Indiana 

NIH Postdoctoral Fellow, Department of Pharmaceutical Chemistry, University of 
California, San Francisco 

Assistant Research Chemist, Departments of Medicine and Psychiatry, University 
of California, San Francisco, and Division of Clinical Pharmacology, San 
Francisco General Hospital Medical Center 

Associate Research Chemist, Departments of Medicine and Psychiatry, University 
of California, San Francisco, and Division of Clinical Pharmacology, San 
Francisco General Hospital Medical Center 


HONORS 


REDACTED 

i 


f 


* 


PUBLICATIONS (Partial List) 

1. P. Jacob IQ, M. Wilson, and NX. Benowitz. Nicotine and Codnine Determination in Biologic 
Fluids: An Improved Gas Chromatographic Method. J. Chromatog. 222, 61-70 (1981). 

2. P. Jacob HI and A.T. Shulgin. The Synthesis of Hydroxybenzaldehydcs from Bromobenzaldehydes 
via Lithiated Schiffs Bases. Preparation of 5-Hydroxypiperonal and Related Compounds. Syn. 
Commun. 11, 969-977 (1981). 

3. P. Jacob HI and A.T. Shulgin. Metallation-Sulfidation: A Convenient Method for the Synthesis or 
Aryl Alkyl Sulfides and of Unsymmctrical Diaryl Sulfides. Syn. Commun. 11,957-968 (1981). 

4. P. Jacob III, J.F. Rigod, S.M. Pond, and NX. Benowitz. Determination of Methadone and Its 
Primary Metabolite in Biologic Fluids Using Gas Chromatography with Nitrogen-Phosphorus 
Detection. J. Analyt. Toxicol. S, 292-295 (1981). 

5. P. Jacob HI, J.F. Rigod, S.M. Pond, and N.X Benowitz. Gas Chromatographic Analysis of 
Meperidine and Nonneperidine: Determination in Blood After a Single Dose of Meperidine. J. 
Pharmaceut. Sci. 71, 166-168 (1982). 

6. A.T. Shulgin and P. Jacob HI. Potential Misrepresentation of 3,4-McthyIenedioxyamphetamine 
(MDA). A Toxicological Warning. J. Analyt. Toxicol. 6, 71-75 (1982). 
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7. S. Pond, P. Jacob III, M. Humphreys, R. Weiss, and T. Tong. Impaired Metabolism of 
Methylphenobaibital After a Combined Drug Overdose: Treatment by Resin Hemoperfusion. J. 
Toxicol.-Clin. Toxicol. 19, 187-196 (1982). 

8. A.T. Shulgin and P. Jacob III. I-(3,4-MethylenedioxyphenyI)-3-Aminobutane: A Potential 
Toxicological Problem. J. Toxicol.-Clin. Toxicol. 19,109-110 (1982). 

9. NX. Benowitz, P. Jacob HI, R.T. Jones, and J. Rosenberg. Interindividual Variability in the 
Metabolism and Cardiovascular Effects of Nicotine in Man. J. Pharmacol. Exp. Ther. 221,368-372 
(1982). 

10. S.M. Pond, T.G. Tong, NX. Benowitz, P. Jacob HI, and J. Rigod. Lack of Effect of Diazepam on 
Methadone Metabolism in Methadone-Maintained Addicts. Clin. Pharmacol. Ther. 31,139-143 
(1982). 

11. R.P. Simon, NX. Benowitz, J. Bronstein, and P. Jacob III. Increased Brain Uptake of Lidocaine 
During Bicuculline-Induced Status Epilepticus in Rats. Neurology 32,196-199 (1982). 

12. P. Jacob ID. Resolution of (±)-5-Bromonomicotine. Synthesis of (R)- and (S)-Nomicotine of High 
Enantiomeric Purity. J. Organic Chem. 47,4165-4167 (1982). 

13. NX. Benowitz, F. Kuyt, and P. Jacob HI. Circadian Blood Nicotine Concentrations During Cigarette 
Smoking. Clin. Pharmacol. Ther. 32,758-764 (1982). 

14. P. Jacob HI and A.T. Shulgin. Sulfur Analogues of Psychotomimetic Agents. 2. Analogs of (2,5- 
Dimethoxy-4-Methylphenyl)- and (2,5-Dimethoxy-4-Ethylphenyl) Isoptopylamine. J.Med. Chem. 
26, 746-752, 1983. 

15. NX. Benowitz, F. Kuyt, P. Jacob HI, R.T. Jones, and A.-L. Osman. Cotinine Disposition and 
Effects. Clin. Pharmacol. Ther. 34,604-611 (1983). 

16. NX. Benowitz, S.M. Hall, R.I. Heming, P. Jacob HI, R.T. Jones, and A.-L. Osman. Smokers of 
Low Yield Cigarettes Do Not Consume Less Nicotine. New Eng. J. Med. 309,139-142 (1983). 

17. NX. Benowitz and P. Jacob IH. Daily Intake of Nicotine During Cigarette Smoking. Clin. 
Pharmacol. Ther. 35,499-504 (1984). 

18. M.C. Rowbotham, R.T. Jones, NX. Benowitz, and P. Jacob HI. Trazodone-Oral Cocaine 
Interactions. Arch. Gen. Psychiat. 41, 895-899 (1984). 

19. P. Jacob HI, B.A. Eltas-Baker, R.T. Jones, and N.L. Benowitz. Determination of Cocaine in Plasma 
by Automated Gas Chromatography. J. Chromatog. 306,173-181 (1984). 

20. NX. Benowitz and P. Jacob HI. Nicotine and Carbon Monoxide Intake While Smoking High- and 
Low-Yield Cigarettes. Clin. Pharmacol. Ther. 36,265-270 (1984). 

21. NX. Benowitz, F. Kuyt, and P. Jacob HL Influence of Nicotine Delivery on the Cardiovascular and 
Hormonal Effects of Cigarette Smoking. Clin. Pharmacol. Ther. 46,74-81 (1984). 

22. S.M. Hall, RX Heming, R.T. Jones, N.L. Benowitz, and P. Jacob HI. Blood Cotinine Levels as 
Indicators of Smoking Treatment Outcome. Clin. Pharmacol. Ther. 35,810-814 (1984). 

23. P. Jacob IH, C Savanapridi, L. Yu, M. Wilson, A.T. Shulgin, and NX. Benowitz. Ion-Pair 
Extraction of Thiocyanate from Plasma and Its Gas Chromatographic Determination Using On- 
Column Alkylation. Analyt. Chem. 56,1692-1695 (1984). 

24. D. Lemaire, P. Jacob HI, and A.T. Shulgin. Ring-Substituted Beta-Methoxyphenethylamines. A 
New Class of Psychotomimetic Agents active in Man. J. Pharm. Pharmacol. 37,575-577 (1985). 

25. NX. Benowitz and P. Jacob IH. Nicotine Renal Excretion Rate Influences Nicotine Intake During 
Cigarette Smoking. J. Pharmacol. Exp. Ther. 234,153-155 (1985). 

26. P. Jacob IH, NX. Benowitz, L. Yu, and A.T. Shulgin. DetenninationofNicotine-N-oxidebyGas 
Chromatography Following Thermal Conversion to 2-Methyl-6-(3-Pyridyl)-Tetrahydro-1,2-Oxazine. 
Analyt. Chem. 58, 2218-2221 (1986). 

27. NX. Benowitz, R.T. Jones, and P. Jacob m. Additive Cardiovascular Effects of Nicotine and 
Ethanol. Clin. Pharmacol. Ther. 40,420-424 (1986). 

28. NX. Benowitz, P. Jacob HI, L. Yu, R. Talcott, S. Hall, and R.T. Jones. Reduced Tar, Nicotine, 
and Carbon Monoxide Exposure While Smoking Ultra-Low But Not Low-Yield Cigarettes. JAMA 
2 56, 241-246 (1986). 

29. NX. Benowitz, P. Jacob IQ, L.T. Koslowski, and L. Yu. Influence of Smoking Fewer Cigarettes on 
Exposure to Tar, Nicotine, and Carbon Monoxide. N. Engl. J. Med. 315, 1310-1313 (1986). 

30. B.L. Lee, NX. Benowitz, and P. Jacob IH. Influence of Tobacco Abstinence on the Disposition 
Kinetics and Effects of Nicotine. Clin. Pharmacol. Ther. 41,474-478 (1987). 

31. B.X Lee, NX. Benowitz, and P. Jacob IH. Cigarette Abstinence, Nicotine Gum and Theophylline 
Disposition. Ann. Int. Med. 106, 533-555 (1987). 

32. NX. Benowitz, P, Jacob HI, and C. Savanapridi. Determinants of Nicotine Intake While Chewing 
Nicotine Polacrilex gum. Clin. Pharmacol. Ther. 41,467-473 (1987). 
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NAME 
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Joelle Thomas 
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EDUCATION (beain with baccalaureate and include oostdoctoral training 



Institution and Location 

FieM of Study 

Degree 

Year 

University Louis Pasteur 

Strasbourg, France 

Biology 

D.E.U.G. 

1985 

University Louis Pasteur 

Strasbourg, France 

Biochemistry 

Licence 

1986 

University Louis Pasteur 

Biochemistry 

M.S. 

1987 

Strasbourg, France 

Plant Physiology 

M.S. 

1987 

University Louis Pasteur 

Molecular and 

D.E.A. 

1988 

Strasbourg, France 

Cellular Biology 
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earlier publications that are pertinent to this application; do not exceed one complete page for publications) 
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1991-prcsent - Postgraduate Researcher, Department of Pharmaceutical Chemistry, University of 

California, San Francisco 

1989-1990 — Research Technician, Appligene, Strasbourg, France 

1985-1989 — Research Assistant, University of Louis Pasteur, Strasbourg, France 
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Purification and Reconstitution of die Catalytic Activity of Vegetable Cytochrome P-450: Tra/w-cinnamic 
Acid 4-Hydroxylase. J. Thomas DEA Thesis. 
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Principal Investigator: John R. Cashman 


OTHER SUPPORT 

Provide the details requested concerning all grants, contracts, and applications, active and pending, on which the 
investigator is a participant. Be sure to include the source of support, the percentage of effort, dates of entire 
project period, annual direct costs, a brief description of the project, discussion of any overlap or duplication, and 
any modification that will be made should the present application be funded. If you submit other proposals to the ' 
TRDRP, you must list the others as pending support. 


B) PENDING SUPPORT CONTINUED: 

a) Source: NIH GM 36426 Renewal 

Title: Flavin-Containing Monooxygenase: Structural Aspects 

% Effort: 20% 

Date: 09/01/91 to 08/31/96 

Direct Costs: $178,413 

Minimal scientific overlap with present submission: purely molecular in nature. 
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performance sites listed in item 8, page 1, and at sites for field studies. Using continuation pages if necessary, include an 
explanation of any consortiunVcontractual arrangements with other organizations. 


0 Laboratory: See Attached 


0 Clinical: 


O Animal: 


O Computer: 


□ Office: 


□ Other ( 


): 


MAJOR EQUIPMENT: List the most important equipment items already available for this project, noting the location and 
pertinent capabilities of each. 


See Attached 


ADDITIONAL INFORMATION: Provide any other information describing the environment for the project. Identify support 
services such as consultants, secretaries, machine shop, and electronics shop, and the extent to which they will be available to 
the projecL 
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Biosatety Committee 

Oflie* of RmcirK Affair*,' Box OMI 
Univaraity of California, Sas Franciaco 


DATE: March 28, 1990 

TO: John R. Cashman, Ph.D. 

Pharm. Chcm. 

Box. 0446 

FROM: BIOSAFETY COMMITTEE 

RE: STATUS OF YOUR BIOSAFETY APPROVAL # R-121-01 


In accordance with the Biosafety Committee’s responsibility to review Recombinant DNA 
applications at appropriate Intervals, the Committee is checking with all Principal 
Investigators who were issued permits in 1986. 


Please complete this one page questionnaire and return it to: Biosafety Committee, Box 0962. 
A copy of your approved application is attached. If you have any questions, contact the 
Biosafety Committee office at 476*2198. ^ 

Please check the appropriate line: 

_ This protocol is no longer active and there are no ptans to reactivate this study in the 

future. 



There is a more current approval that includes the research described In the above 
numbered approval. The approval number of the more current one is . 


This protocol is currently active. If so, 1) please attach a copy of the current laboratory 
certification. All labs must be certified at least once every three years. For laboratory 
certification, contact UCSF Biosafety Officer, at 476-2^1^. 2) Has the nature of the 
work changed as to alter any aspect of its biosafety? V Y es S N o. If yes, please 
describe. 


Comments_ £ jcri v tc m *> &££* r,/**?* 


I certify that I am familiar with the NIH Recombinant DNA Guidelines (enclosed) dated May 
7,1986 and the UCSF Biosafety Manual and agree to observe the safety procedures contained 
thereir 











(nature of Principal' Investigator 

It? 


^£+40 . 


Approved: Chairman, Biosafety Committee 


/, n?o 

9 / ffr 


Date 


Revised: J/90 
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UNIVERSITY OF CALIFORNIA, SAN FRANCISCO 


BERKELEY • DAVIS - IRVINE - LOS ANGELES * RIVERSIDE * SAN DIEGO • SAN FRANCISCO 



SANTA CRUZ 


January 11, 1991 office of research affairs 

DIVISION OF CONTRACTS AND GRANTS 

Tobacco-Related Disease Research Program san Francisco. California 94MJ0962 

Office of Health Affairs <4i5> 476-2977 

Office of the President 

University of California 

Great Western Building, Suite 500A 

2150 Shattuck Avenue 

Berkeley, CA 9*720 


Dear Sir or Madam: 

The University of California is presenting for your review a request for support of the 
following project: 

PROJECT TITLE HUMAN MARKERS FOR (Sr-NICOTINE BIOTRANSFORMATION 
AND PATHOLOGY_’_ 


PRINCIPAL INVESTIC.ATOR John R - Cashman 


TYPE OF PROPOSAL IDEAS 


SK New 

□ ! Renewal of No. 

□ 

Grant 

Contract 

□ : Continuation of No. 

n 

Fellowship 

Subcontract 

D Supplement to No. 

m 

□ Revision of No. 

n 

Cooperative 

Agreement 




AMOUNT REQUESTED 

First Budget Period $75,000 _ 

Total Period_ 

INDIRECT COST R ATE n/a % 

PROJECT PERIOD 

First Budget Period 7/1/91 ~ 6/30/92 _ 

Total Period____ 

Your favorable consideration will be appreciated. If you have questions about this 
proposal please contact Amy J- Ash at (415) *176-8151- 


Sincerely, 



Director 


cc: Principal Investigator 
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John R. Cashman, Ph.D. 

"Human Markers for (S)-Nlcotine Biotransformation and Pathology" 
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Enantloselectlve S-Oxygenatlon by Flavin-Containing and 
Cytochrome P-450 Monooxygenases 


John R. Cashman,* 4 Leslie D. Olsen, 14 and Lester M. Bornheim* 

Departments of Pharmaceutical Chemistry and Pharmacology and Liver Center, University of 
California, San Francisco, California 94143-0446 

Received February 19,1990 



The reaction of the modified Sharpless reagent, as well as microaomes and highly purified 
flavin-containing monooxygenase from hog liver, and cytochrome P-450IIB-1 from rat liver 
efficiently S-oxygenates 2-aryl-l^S-oxathiolanes with significant diastereoselectivity and enan- 
tioselectivity. The absolute configuration of the synthetic S-oxidea and the enzyme-derived 
S-oxides was correlated by NMR analysis and by the sign of the Cotton effects obtained from 
circular dichroism studies. Of the sulfides studied, the frans-5-oxide was the m^jor diastereomer 
produced from monooxygenase-catalyzed biotransformations. In all cases examined, enan- 
tioeelective S-oxygenation was observed although enantiomeric excess varied from 7 to 100%. 
In contrast to previous reports, the enantioselectfvity of S-oxygenation catalyzed by cytochrome 
P-450IIB-1 was not always opposite to that of hog liver flavin-containing monooxygenase activity. 
The presence of the minor S-oxide diastereomers in each case was due to incomplete chiral 
processing by each monooxygenase and not to a competing achiral nonenzymatic process. The 
results suggest that the active aite of hog liver flavin-cOntaining monooxygenase places greater 
constraints than that of cytochrome P-450IIB-1 on substrate orientation, but in both cases 
mnu-5-oxide formation is strongly preferred possibly due to steric interactions of the substrate 
and the active site. 


Introduction 

The dialky! sulfide functionality is present in many 
important drugs, chemicals, and agrichemicals (f-3) and 
is metabolized principally by S-oxygenation (4). In many 
cases the pharmacodynamics of a drug or chemical has 
been shown to be dependent on the rate of sulfide oxida¬ 
tion and sulfoxide reduction (5,6). The enzymatic oxi¬ 
dation of sulfides is largely dependent on two microsomal 
monooxygenases: the cytochromes P-450 (7) and the fla¬ 
vin-containing monooxygenase (FMO) 1 (J, 8-10). FMO- 
related S-oxygenations of dialkyl sulfides can be distin¬ 
guished from cytochrome P-450 related S-oxidations by 
the use of various inhibitors and pH conditions (8,8) and 
by the greater susceptibility of hepatic FMO to thermal 
inactivation (8). These two microsomal S-oxygenases may 
also be distinguished by the stereoselective nature of their 
enzyme action since it has been reported that FMO and 
cytochrome P-450 produce 5-oxides of opposite absolute 
stereochemistry (3, 7, 10-12). 

Although leu information Is known about sulfide oxi¬ 
dation (13) than amine oxidation ( 14 , 15), cytochrome 
P-450 oxidation of sulfides has been correlated with the 
one-electron oxidation potential of the sulfldee examined 
(16), and it is possible that sulfides are oxidized by hepatic 
preparations via single-electron-transfer processes (17). In 
contrast, most of the studies to date indicate that FMO 
and related hydroperoxyisoalloxazine model systems for 
FMO- operate via nucleophilic anionic mechanisms (8, 
18-20) although single-electron-transfer mechanisms can¬ 
not be ruled cut (9). In general, it appears that strongly 
nucleophilic sulfides are substrates for FMO and P-450 
while electron-deficient sulfides are substrates for cyto- 


Bcbema I. B-Oxygematlon of X-AryM^-oxatUotuu (X-S) to 
2-Aryl-14H»xathJoUBO 8-0x1 do* <7a,b~lU,b)* 



7b-12b 


oompno. 

X 

1.7 

CHjO 

M 

CHj 

M 

H 

4.10 

Cl 

s.it 

CN 

f, 12 

NO, 


•Configurational Isomer* art apadfied u <ran#-S-o*lde (a) and 
cu-S-oxldt (b>. 


chrome P-450 only (8, 9, 21). In addition to electronic 
effects, steric effects may help to determine the mono¬ 
oxygenase that is responsible for the S-oxygenation of 
sulfides (8, 12,22). 


* Addrew correspondence to thl* author. 

1 Department of Pharmaceutical Chembtry and liver Canter. 
*Praaent addreu: CIBA-GEIGY Corp., Gmnaboro, NC. 

* Department of Pharmacology. 


1 Abbreviation*: FMO, flavin-containing monooxygenase; HPLC, 
high-pressure liquid chromatography; RP*HPLC, reverted-phase high- 
pressure liquid chromatography; sDS-PAGE, sodium dodecyl eulfate- 
polyacrylamide gel electrophoresis; NMR, nuclear magnetic reeonar.ee; 
CD, circular dichtobm; aa, enantiomeric excess; de, diastareomeric excees. 
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In ibis study, we determined the diastereoecIecUvjty and 
^nauUo&eUctivity of S-oxygenation of 2-aryl-I,3-oxa- 
thiolanes (1-6) catalyzed by purified FMO and nucroaoraes 
from hof liver as well as purified cytochrome P-450UB-1 
from liver (Scheme I). The S-oxygenation of 2-aryM,3- 
oxathiolanes as stereochemical probes of the active site of 
FMO and cytochrome P-450 has several advantages, in¬ 
cluding (I) the formation of stable cis - and trons-S-oxide 
diastereomers, which allow for straightforward analysis, 
and (2) the ease of synthesis of 2-aryl-1,3-cxa thiolanea and 
their 5-oxides with various electron-rich and electron-de¬ 
ficient aromatic substituents which modulate the relative 
nucleophilicity of the dialkyi sulfide center. The results 
of our study provide insight into the stereochemical and 
mechanisitic details of FMO-catalyzed and cytochrome 
P-450 catalyzed S-oxygenations. 

Experimental Procedures 

Material# and Methods. 2-Aryt-l f 3-oxathfolane* and their 
corresponding $*oxidae were synthesized as previously described 
(9, //). Glucose 6~pho*phate, ghi co — 6 phosphate dehydrogenase, 
NADP 4 , and NADPH wars purchased from Sigma Chemical Co. 
AU other reagsnts and buffs rs were obtained in the highest quality 
available from commercial sources. Hog Uvsr microtome* were 
a generous gift of Professor D. M. Ziegler (University of Texas 
at Austin), and FMO was isolated and purified from bog liver 
microtomes by a procedure previously described (23). The highly 
purified hog liver FMO and hog liver microtomes N-oxygenated 
dlmethylanUine very efficiently (545 and 3.4 nmol of product/ 
(min-mg of protein), respectively!. Rat liver cytochrome P- 
450IIB-1 (P450«) (24), cytochrome 6* and NADPH-cytocfaroma 
P-450 reductase were purified to homogeneity by a method 
previously described (25). 

Rat liver cytochrome P-450IIB-1 was purified as previously 
described (25), Rst liver cytochrome P-450IIB-1 had a specific 
contents of 19.5 nmol of P-450/mg of protein. The specific content 
of cytochrome 6* was 32.6 nmol of 5*/mg of protein, and the 
reductase preparation Had an activity of 66 jtfaol of cytochrome 
c reduced/(mln*mg of protein) in 0.3 M potassium phosphate 
buffer (pH 7.7) at 25 *C. 

The major phenobarbital-inducible cytochrome P-450 (P- 
4501IB-1) from rat liver exhibited characteristically high pent- 
oxyrtsorufin O-dealkylaie and 16£-testoetarone hydroxylase ac¬ 
tivities (6 and 3 nmol of product/(min-nraol of cytochrome P-450), 
respectively] shown to be characteristic of the phenobarbital- 
induced isozymes and was judged to be homogeneous by SDS- 
polyacrylamide gel electrophoresis (27). 

The concentration of protein was determined by the method 
of Brsdford (25). 

Metabolism Incubations and Enzyme Assays. Activity of 
the microaomal or highly purified FMO was msasured by de¬ 
termining S-oxide product formation by HPLC (29). The incu¬ 
bation media contained 50 mM potassium phosphate (pH 8.4) 
and an NADPH*generating system consisting of 05 mM NADP\ 
2.0 mM glucose 6-phosphate, 1IU of glucose-6-pbosphate de- 
hydrogenase, and 200-300 Mg of hog Uver microtomes or 40*900 
Mg of purified hog liver FMO, The reaction was initiated by the 
addition of substrate and incubated at 33 *C for various times 
before the reaction was stopped by the addition of 4 volumes of 
cold CHsCU and analyzed for products by HPLC as dascribed 
below. 

Activity of rat liver cytochrome P-450HB-1 was measured by 
determining 5-oxide product formation by HPLC as previously 
described (9, If, 12,29). Cytochrome P-450IIB-1 was reconstituted 
as follows: 50 mC of dilauroylpbosphatidylcboUne was combined 
with 600 units of rat cytochrome P-450 reductase and 100 pmol 
of cytochrome P-45011B-1. After a 10*mm equilibration at 4 *C, 
the mixture was diluted with potassium phosphate buffer (0.1 
M, pH 7.4), substrate wis added (400 mM final concentration in 
10 mL of methanol), and then 100 pmol of cytochro m e was 
added. The reaction was immediately initiated by the addition 
of 1 mM NADPH or a 0.5 mM NADPH-generating system In a 
final volume of 1 roL. After a 10-min incubation at 33 *C with 
constant shaking in air the reaction was stopped by the addition 


Tabic I. Chiralccl OD HPLC Separation of 

_ 2-Aryl- Lj^oxathiojaae 5-Oxides* _ 

retention volume, naL 
traru-S-oxide c«-5-oxide 


18.0 

125 

28.6 

22J 

10.9 

8.8 

18.3 

15.4 

12.0 

9.9 

19.7 

18.4 

12.0 

10.0 

17.2 

24.4 

*26.4 

23.1 

32.8 

275 

29.7 

24.0 

36.5 

30.1 


compound (X group) 15,25 lR*2R 15,2fl IRJS 

2-*ryi'l,3-oxJlhioUne 5-oxide 

7 (4-OCH*> 

8 (4-CH*) 

I (4-H) 

10 (4-Cl) 

11 (4-CN) 

12 (4-NO,) 

•HPLC conditions for separation of enantiomers are given un¬ 
der Experimental Procedures. 

of 2 volumes of cold CH,C1, and prepared for HPLC as previously 
described (9. fi. 12, 29). 

After analysis of part of the reaction products by RP-HPLC 
as described previously (9,29), the remaining reaction products 
were evaporated to dryness and taken up in 2-propanol/hexane 
(1852 v/v) for separation and quantitation by chiral HPLC (IBM 
Model 9000 with UV detector fitted with a Chiracs! OD analytical 
col umn (25 cm X 0.15 cm Ld* DA1CEL Chemical Ind. LTD, New 
York)] (11.12). The mobile phase wss 2-propanol/hexane (18:82 
v/v), which efficiently separates the starting material from cia- 
and teo/u-5-oxide enantiomers (Table 0- Quantification was 
accomplished by comparing the Integrated area for each enan¬ 
tiomer at 240 nm (9). 

Synthesis ef Chiral 5-Oxides. The synthesis and complete 
spectral characterization of the 2-eryl-l,3-oxathioUnee 1-6 have 
been reported previously (9), Treatment of compounds 1-6 with 
sodium metaperiodate resulted in the formation of racemic 
products although some diastereoeelectivity was observed {30). 
The relative stereochemistry of the 5-oxides was determined by 
*H NMR analysis and is in agreement with reports by others (31, 
32) which show a downfleld shift of signals from hydrogens ds 
to the sulfoxide oxygen. The synthesis of 5-oxides with moderate 
to high enantiomeric exoess was accomplished by using a modified 
Sharpless reagent: titanium isopropoxide-ditthyi tartrate in the 
presence of terf-butyl hydroperoxide and water (33). The yields 
and diastereoeelectivity of the reactions are similar to those 
previously reported (11,12, 30 ,31). The optical purity of the 
product 5-oxidea was determined by NMR analysis using a chiral 
solvating agent [(+MS)-9-anthiyl-2A2-trifluoroethanoll for 7-12. 
The chiral optica) properties of the 5-oxides determined by NMR 
were confirmed by circular diehroism (CD) studies. The CD 
absorption spectre were characterized by increasing absorption 
between 285 and 195 nm with dearly developed peaks and troughs. 
For the 5-oxides examined a readily identifiable absorption be¬ 
tween 260 and 205 nra corresponds to an absorption band that 
has Information for configuration assignment (34,35), Previous 
studies have established a relationship between the CD sign and 
the absolute stereochemistry of the 5*oxJdt center (36) where a 
positive CD can be correlated with an (fi)-sulfoxidt configuration. 
Accordingly, we correlated the absolute configuration of the 
5-oxides obtained by chemical synthesis. The stereochemistry 
of the second (benzylic) center was defined by the geometric 
requirement of the els or trans configuration as determined by 
NMR spectroscopy. HPLC of the enantiomers with a Chiralcel 
OD chiral column confirmed the enantiomeric excess (ee) de¬ 
termined by NMR and CD. The retention volumes of all four 
enantiomers for each 2-aryM,3-oxathiolxnt 5-oxide (7-12) tre 
listed in Table 2. By use of this HPLC system, efficient separation 
of the enantiomers was obtained and te could be readily deter¬ 
mined. In the event that trace impurities Interferred with the 
HPLC runs, the 5-oxide metabolites were first purified with • 
RP-HPLC system, extracted with CH,Cl, ( dried, and reanalyzed 
by the DAICEL HPLC system. 

Results 

S-Oxygenation of Z-Aryl-W-oxathioUnea by Hog 
Liver Microtomes and Hog Liver FMO. We investi¬ 
gated the chemical and enzymatic S*oxygenation of 2- 
aryl-1,3-oxathiolanes (1-6) in vitro (Scheme l). The S- 
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TabU II. g-0»w»atfoa of lAryj-lj-exatbiofrag with Hag Livar Microsomat 






Cnont-5-cxide 

cis-S-oxidt 


substrate* (X croup) 

% <u* 

i sas ixax 

i sax 

1 RJS 

+n»octyUmine 

I (4-OCH*) 

46.3 * 5.1 

97.3 * 1.0 

99.1 * 13 


2 (4-CHj) 

22.4 * 163 

100 

100 


8 (4-H) 

15.9 * U 

100 

100 


* (4-Cl) 

26.2*63 

97.9 * 13 

100 


8 M-CN) 

65.9*33 

973 * 3.1 

ldo 


€ (4-N0i) 

40.9*0.4 

92.0*23 

100 


-n-octyUmtoe 

1 (4-OCHi) 

77.0 * 11 

50.9*2.0 

50.7 * 1.6 


2 (4-CHJ 

60.6 * 1.7 

79.7 * 0.6 

100 


3 (4-H) 

263*23 

64.6 * 5.1 

100 


4 (4-Cl) 

703*2.1 

71.3 * 1.1 

100 


K4-CN) 

« (4-NO,) 

100 

96.1*03 

81.4 * 1.1 

74.1 * 0.1 


100 


•Tbt compltt* incubation system oontainad 50 aM pboaphaU buffer (pH 6.4), 200 subetrete, the NADPH-gsntrattaf system, 876 m{ 
of mkroeomt! protein, and 6 raM n-octyUaine in a final volume of 0.26 mL. The reeulta are the avertft of three or four detansinationa 
(*SD). ^Percent diaetereomeric noeei (da) refart to, for example, percent trcru-5-oxW* (% 1A,2A + % 1 S&S) - percent ctt-5-ozlde (% 
1K,1S 4- % 1$3R). For 1*4 da refan to trerw-5-oxkIi. 'Percent enantiomeric excees (ea) for each diaitereomer refen to the percent 
enantiomer in excew subtracted from the percent of the minor enantiomer divided by the total percent of enantiomers in question. This 
value it multiplied by 100. 


Table III. 8-Oxygenation of l-AfyUilexathisUnes with Bog Liver Flavin-Cental nine Monooxyfenaee 


% ee* 




treru-S-oxid* 

cia-5-oxide 

substrate* (X group) 

%d«* 

isos max 

max ixas 

'tn-octyUmto* 

1 (4-OCH)) 

313*53 

49.1 * 6.7 

514*5.7 

2 (4-CH|) 

23.6 * 10 

563*14 

100 

3 (4-H) 

€3*16 

100 

100 

4 (4-0) 

20.0*33 

543*23 

100 

S (4-CN) 

693*233 

92J * 2.1 

100 

6 (4-NO J 

82.7* L* 

81.4 * 12 

100 

-fi-octylamin* 

1 (4-OCHj) 

29.4*03 

653*4.1 

100 

2 (4-CHJ 

18.8 * L0 

583*33 

100 

3 (4-H) 

93* 13 

100 

100 

4(4-0) 

63 * 17 

873*13 

100 

6 (4-CN) 

56.1*12 

943*14 

100 

• (4-NOf) 

42.8 * 1.2 

833*1.7 

100 


•The compleu syttam is as described la Table U except 226 Mt of hifhiy purified FMO protein was used. The results are the average of 
three or four determinations (*SD). *Diuter*omeric excees (d«) as defined in Table U. The de refers to traru*5*oxide. ‘Enantiomeric 


excess (ee) as defined in Table IL 

oxidative biotransformation of 2-aryl-l,3-oxathiolanet was 
determined with hoc liver microtomes and purified hog 
liver FMO. As shown by previous studies, mono* and 
disuifoxidt products were obtained from hepatic micro* 
some or purified monooxygenase preparations (9,29). The 
relative rate of hog liver mtcrosomes and FMO-catalyzed 
5-oxide formation was quite similar to the rate of 5-oxide 
formation previously reported for this series of compounds 
(9, 29), During the short incubation times used for the 
present study, only 5*monooxides were obtained As 
shown in Table II, 2-ary)-l,3-oxathiolanes were S- 
oxygenated mainly to produce traru-5-oxides by hog liver 
roicroeomes. In the absence of n-octylamine, a positive 
effector for hepatic FMO (9), and an inhibitor of cyto¬ 
chrome P-450 (37), a marked increase in the S-oxygenation 
diasteraoselectivity as compared to the complete micro¬ 
somal system and a significant decrease in the enantiom¬ 
eric enrichment for pro-5 S-oxygenation were observed. 
In the presence of highly purified hog liver FMO, S- 
oxygenation of 2-aryl-l^-oxathiolanea produces the 
traru-S ’oxide isomer with significant diastereoselectivity, 
and in the absence of n-octylamine a slight increase in 
enantiomeric excess of the trcmi-(l5,2S}-S-oxide was ob¬ 
served (Table III). For both the microsomal and highly 


purified hog liver FMO a marked stereopreference for 
formation of trons-(15,25)*5-oxide or the ct#-(lS,2fl)-S- 
oxide was observed. Thus, for 2-aryl-I r 3*oxathiolanes, 
preference for addition of an oxygen to the pro-5 sulfur 
atom lone pair was seen. 

S-Oxygenation of 2*Aryl-l f 3-oxathiolanes by Cyto¬ 
chrome P-450IIB-1, The S-oxygenation of sulfides 1-6 
was investigated with purified cytochrome P-450IIB-1 in 
order to determine the rate of 5-oxide formation as well 
at the diastereoselectivity and anantioselectivity of the 
reaction, 2-Aryl-l,3-oxathio]enee are good substrates for 
rat liver cytochrome P-450IIB-1. In the presence of pu¬ 
rified cytochrome P-460IIB-1 from rat liver, S-oxygenation 
of 2-aryl-l^S-oxathiolanes 1-4 gave predominantly the 
tronr-5-oxide diaitereomer As shown in Table IV, S- 
oxygenation of sulfides 1-6 gave a major trons-5-oxide 
product, but generally (Le., with the exception of 5) only 
a modest excess of one enantiomer was observed to be 
formed. For rat liver cytochrome P-450IIB-1, the stereo¬ 
preference for oxygenation at sulfur indicates that attack 
of an oxygen atom at the pro-S sulfur atom occurred for 
aryl-l,3-oxathiolanes 1-3 and 6. For compounds 4 and 5 
a stereopreference for oxygenation of the sulfur atom at 
pro-R sulfur was observed. As shown in Table IV, the rates 
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TabU tV* of Z-Aryl-14-aaathfaUncs by Rot Liver Cytochrome P-4S0IIB-1 


S’ox id« formed, 
nreot/(mhwimol of P-450) 

substrate* (X group) cu-S-oxidt_troni-S-oxidt_% dt 4 


_ %*' _ 

tron#-9-oxid# ca-S-oxid* 

1 MAR _ ISOS _l/US_ ISJR 


t (4-OCH|) 

0.2 

4.9 

920 


11.9 


7.0 

* M-CH,) 

0,1 

0.9 

80.0 


6.9 


20.6 

2 (4-H) 

0,1 

04 

75.0 


6.3 


24.9 

4 (4-Cl) 

0.1 

21 

900 

7*1 



7.8 

f (4-CN) 

25 

U 

529 

100 


100 


1 (4-NO,) 

12 

M 

78.0 


9*9 

9.4 



•The incubation system contained 60 nM phosphate, pH 7*4, the NADPH-fsnsrstmg system, 400 *M substrate, 60 mM dilsuroy!- 
pbosphatWylchollnt, $00 unite of cytochrome c rsductest, 100 pool of cytochrome 6* end 100 pmol of cytochrome P-450IIB-1, end vaiuee 
art the sveragt of two or three determinetiooe. ^Percent dieetereomeric ezeeu <de) as defined in Table D* ‘Enantiomer excess <ee) u 
deOned in Table a 


of 5-oxide formation did not follow a strict Hammett-type 
dependence (38) on the nature of the aryl subetltuent, but 
there was a tendency for electron-deficient 2-aryI-M-ox* 
athiolanes 4-4 to bs oxidized by cytochrome P-450IIB-1 
to a fieater extent than electron-rich 2-aryl-1,3-oxathJol- 
anei 2 and 3. In each case examined, the eruna-5-oxide 
product had an excess of one enantiomer. The stereo¬ 
chemistry of S-oxygenation by rat liver cytochrome P- 
450IIB-1 was determined and indicated a preference for 
formation of the (15,25)-* wu-5-oxide (Table IV) except 
for compounds 4 and 5* 

Discussion 

Efficient methods for the synthesis and analysis of en¬ 
antiomers of 2-aiyl-l,3-oxsthiolane 5-oxides (7*12) have 
been developed (30; 32 t 33) and used to investigate the 
stereoselective S-oxygenation catalyzed by hog fiver mi¬ 
crotomes, hog liver FMO, and rat liver cytochrome P- 
450HB-1 (Scheme 1). 2-Aryl- 1,3-oxathioIanee are good 
substrate* for each monooxygenase enzyme system exam¬ 
ined (9,29,30) and provide a convenient tool to study 
active site topology of both monooxygenase systems* 

In microsomal preparations from hog liver the major 
product of metabolism of 2-aryl-l,S-oxathioianei 1-4 is the 
frana-S-oxide. The diastereaeelective S-oxygenation of 1-4 
reported here is less than or in some cases the same as that 
reported previously (9). We attribute the differences to 
the nature of the composition end activity of the micro¬ 
somal monooxygenm in this preparation of microtomes. 
In the absence of n-octylamine, the diaitereoselectivity of 
microsomal S-oxygenation is increased for all cases tested 
(Table ID, but surprisingly, the enantioselectivity is slightly 
decreased* This may be a consequence of the contribution 
of cytochromes P-450 to the enantioselective S-oxygenation 
of 1-4. In contrast, for incubations performed with highly 
purified hog liver FMO in the presence or absence of n- 
ocytlamme, no significant difference in the diastereose- 
lectivity or enantioselectivity it apparent except for com¬ 
pound 1 (Table II). Thus, for 1, preference for addition 
of an oxygen atom to the pro-5 sulfur atom by hog liver 
tnicrosomes in the presence of n-octylamine was observed 

to be 98*8% (Le., 70.2% IS,25; 28*6% 1S,2R> with 1*0% 
addition at the pro-/? sulfur atom (Le., 0.6% 1#,2#; 0.4% 
\R t 2S). While the diaitereoselectivity of S-oxygenation 
catalyzed by highly purified hog liver FMO is reported here 
as decreased compared to our previous report (9), never¬ 
theless, addition of molecular oxygen to the pro-S sulfur 
atom is clearly the predominant pathway for the hog liver 
FMO. S-Oxygenation of 1-4 by rat Uver cytochrome P- 
450IIB-1 is highly diastereoselective but, in general, only 
modestly enantioselective except for 5 (Table IV). For 
example, rat liver cytochrome P-450IIB-1 S-oxygenates l 
with preference for addition of oxygen to the pro-5 sulfur 
atom to be 53.7% (i.e., 51.7% 15,2#; 10% IS,2S) with 


46.3% addition of oxygen to the pro-# sulfur atom (Le., 
44.7% 1#,2S; 1.6% L#,2#). From these results we con- 
duds that hog liver FMO possesaea significant active site 
constraints and requires rigid orientation of substrate 
whereas cytochrome P-450IIB-1 possesses a great deal 
more flexibility at the active site. For FMO, there ts dear 
steric interference to the ary! group and cii-5-oxide for¬ 
mation. A possible explanation for the high enanliose- 
lectivity for FMO-catalyxed S-oxygenation and lower en- 
arftioselectivzty for cytochrome P450IIB-1 catalyzed S- 
oxygenation may be due to the involvement of anionic 
nucleophilic mechanisms in the former, and radical species 
involvement in the latter case (9). From the data for 
S-oxygenation of 2-aiy)-l,3~oxatbiolanes by cytochrome 
P-450IIB-1, a dear distinction for single-electron transfer 
versus a nudeophilic mechanism cannot be made (39), but 
the data are consistent with a role of single-electron 
transfer in the product-determining step of the reaction 
(16,17). For FMO, a nudeophilic mechanism is favored, 
but rapid collapse of radical speciss to produce 5-oxide 
products cannot be exduded. 

Analysis of electronic substituent effects on hog Uver 
microsomes or rat liver cytochrome P-450IIB-1 catalyzed 
S-oxygenations of 1-4 reveals s nonlinear Hammett-type 
substituent correlation (38). Such "U-shaped" correlations 
may suggest that possibly two reaction mechanisms are 
operating, with one type of mechanism taking place with 
electron-rich sulfide substrates and a different one with 
electron-deficient sulfide substrates. Another possibility 
is that the rate-limiting step for S-oxygenation is different 
for electron-deficient and electron-rich sulfides. That s 
linear correlation for the S-oxygenation of 1-6 (9) was 
obtained with highly purified FMO suggests that hog liver 
cytochrome P-450 may contribute to ^oxygenation by a 
different mechanism possibly involving nonnudeopbiiic 
reactions. Evidence for single-electron-transfer mecha¬ 
nisms by the cytochrome P-450IIB-1 catalyzed S- 
oxygenations is obtained from studies with compounds 1-4 
where very low enantioselectivity is observed. While 
relatively high enantioselectivity for S-oxygenation of 5 by 
both hog liver FMO and rat liver cytochrome P-4501IB-1 
is observed, a clear distinction in mechanism cannot be 
made. Such data are consistent with an anionic nucleo¬ 
philic mechanism of S-oxygenation for FMO, but they do 
not rule out the involvement of single-electron-transfer 
mechanisms (9). It is possible that, for cytochrome P* 
450IIB-1, slightly different mechanisms of oxidation are 
at work for different classes of sulfides ts well ss for 
sulfides within a series. 

In general, cytochrome P-450IIB-1 catalyzes S- 
oxygenations of 2-aryl-l,3-oxathiolanes with less diaste- 
reomeric precision than hog liver FMO. This has also been 
observed for highly purified and microsomal pulmonary 
flavin-containing and cytochrome P-450 monooxygenases 
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Fleur* t. Stereoselective S-oxygervatfon of 2-«ryl-l l 3-QxithioUnes 
by her liver flavin-containing monooxygenia* end cytochrome 
P-450IIB-L 


from pregnant rabbit (J2). For bog liver FMO significant 
active site steric constraints must be at work in order to 
effect such remarkable diastereoselectivity as that observed 
in this study. In agreement with previous observations 
concerning heteroatom oxygenations (2/, 40 , 41), hog liver 
FMO accepts substrates to afford £ranx-S-oxide products. 
As shown in Figure 1, FMO enzymatic steric bulk must 
almost preclude attack from the cis face of the 2-aryl* 
1,3-oxathiolane substrate. With the relative configuration 
of the substrate fixed, as shown in Figure 1* attack of 
oxygen by FMO or cytochrome P-450IIB-1 must occur as 
depicted to give S-oxide of the absolute stereochemistry 
determined. It is currently unclear as to what subtle en¬ 
zymic features direct attack of oxygen at the pro»S or 
pro-R position of the sulfide molecule, but cytochrome 
P-450 appears capable of an ‘edge-on* mode of S- 
oxygenation, whereas for FMO, orientation of the entire 
molecule in a binding pocket is required for S-oxygenation. 
The results described above are consistent with the view 
(42) that FMO involves anionic nucleophilic attack of 
sulfide sulfur on electrophilic oxygen and that cytochrome 
P-450 catalyzed S-oxygenation is initiated by a single¬ 
electron transfer from sulfide sulfur. 
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SUMMARY 

Pulmonary microtomes, highly purified pulmonary fiavirv-oontain- 
ing monooxygenase, and highly purified pulmonary cytochrome 
P-45CW* from pregnant female rabbits catalyze the NADPH- 
dependent $-oxygenation of a series of 2-aryM ,3-dithiolanes. 
TheS-oxtte is the only detectable product formed during the 
short time period of the enzymatic reactions. Studies on the 
biochemical mechanism for S-oxygenation of 2-aryLi ,3-dithio¬ 
lanes suggest that this reaction is catalyzed preferentially by the 
tiavirvcontaining monooxygenase, although cytochromes P-450 
also contribute to S-oxygenation. This conclusion is based on 
the effects of a cytochrome P-450 inhibitor, aminobenzotriazole, 
as wel as on studies of the stereoselectivity of the reaction. 
Although both purified rabbit pulmonary cytochrome P-45CW* 
and purified tavin-containjng monooxygenase have identical 


ctastereoselectivfty, producing the (t/a/»)-S-oxide, these mon¬ 
ooxygenases possess opposite 5-oxygenation enantioselectiv- 
fty. Pulmonary cytochrome P-450^ S-oxygenates 2-aryf-t,3- 
drthiolanes almost exclusively at the pfU-S-sutfur atom, whereas 
pulmonary flavin-containing monooxygenase S-oxygenates 2- 
aryM t 3-dfthioianes exclusively at the pro-fl-sutfur atom. 2-Aryf- 

1.3- dith*otane S-oxides are S-oxygenated a second time on the 
S'-sulfide sulfur atom but only by rabbit lung microsomes and 
pulmonary flavin-containing monooxygenase and not by cyto¬ 
chrome P-45(W». That pulmonary flavin-containing monooxy¬ 
genase only catalyzes formation of (firans)- and not (cis)-2-aryl- 

1.3- dithkXane S-oxkle formation suggests that the active site of 
pulmonary flavin-containing monooxygenase exerts great steric 
limitations on 2-aryM ,3-dithiolane S-oxygenation. 


The dialkyisulfide (or thioether) group occurs widely in 
drags, chemicals, and pesticides (X). Among the routes of me¬ 
tabolism available to dialkylsuifides are oxidation to the sulf¬ 
oxide or 5-deaIkyUtioa. 5-Dealkylation is a minor route of 
biotransformation (2-4). Once formed, dialkyisulfide S-oxides 
may be further oxidised to dialkylsulfones or, alternatively, 
reduced to the parent sulfide. Several examples of important 
sulfide-containing drugs or chemicals metabolized by these 
routes both tn oitro and in vivo have been described (5-6). 

DialkyUulfbxide metabolites are generally ch em ica ll y stable 
to hydrolysis, rearrangement, or racemization, although elimi¬ 
nation reactions are possible (9X Sulfone metabolites are, like- 
wise, generally chemically stable, although the amount of sul¬ 
fone formed in vivo from the sulfide is usually substantially 
less than the amount of sulfoxide. This may be a consequence 
of the relative hydrophilicity of the sulfoxide metabolite or the 
relative nuckophilkity of the aolfoxide sulfur, compared with 
sulfide sulfur, towards 5-oxygenation. A decrease in the relative 
hydrophilicity and nucteophilicity of the sulfur atom, as seen 


Tbi* wwi w*m financially wpporud by tb# NiLionai InctituU of Health 
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Man Spectrometry Resource Center (A. L. Burt inf* me. Director), supported by 
National toetiuites of Health Diviuon of Research Resource* Grant RR0166H 


in the case of sulfoxide sulfur, generally results in a decrease 
in monooxygenase-catalyzed 5-oxygenation (8, 10). Reductive 
metabolic processes may also help determine the amount of 
sulfone formed, because sulfoxides art easily reduced whereas 
tulfones are not reduced at all (4). The three monooxygenase 
systems primarily involved in dialkyisulfide 5-oxygenation are 
Cytochrome P-450, flavin-containing monooxygenase, and 
prostaglandin synthetase. Generally, highly nucleophilic di- 
alkylsulfids sulfur atoms axe 5-oxygenated by the flavin-con¬ 
taining monooxygenase (8, 11, 12), prostaglandin synthetase 
(13), and cytochrome P-450, whereas non nucleophilic sulfur 
atoms are also 5-oxygenated by cytochrome P-450 (14, 15). 
The relative contribution to the 5-oxygenation of a di alkyl sul¬ 
fide by each monooxygenase has been investigated in only a 
few cases (11,15-18). 1 

Recently, another form of the flavin-containing monooxy¬ 
genase was isolated from rabbit lung and found to be immu- 
nochemically and catalytically distinct from the liver enzyme 
(19, 20), in agreement with earlier studies that suggested that 
the lung possessed some unusual metabolic properties (21). In 
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contrast to hepatic systems (12, 15-17), 1 to date, the enzymatic 
basis for tha studies of the stereoselective 5-oxygenation of 
sulfides in rabbit lung has not been reported. The purpose of 
this investigation, therefore, was to determine the stereoselec¬ 
tive 5-oxygenation of a model sulfide with rabbit lung micro¬ 
tomes and compare these results with the major purified S- 
monooxygeoases present in lung microtomes from pregnant 
rabbita, namely pulmonary flavin-containing monooxygenase 
and pulmonary cytochrome P*450n»~i> The pore-substituted 
aryt-US-dithiolanes were employed in this study because they 
po ss es s several features useful for investigation of 5-oxygenase 
activity; (a) para- substituted aryl-1,3-dithio lanes are good sub¬ 
strates for both purified cytochrome P-450u*^ and purified 
flavin-containing monooxygenase, (b) enzymatic 5-oxygena¬ 
tion of 1-6 may occur with diastereotopic selectivity and may 
also result in enantioen richment of an 5-oxide product by 
selection between two enantiotopic sulfur atom lone pairs that 
art stable to pyramidal inversion, and (c) during the abort 
incubation times used in these studies, the aryl-1,3-dithiolane 
5-oxides formed did not undergo further 5-oxygenation, reduc¬ 
tion, or decomposition to other products. 

In this report we determine the diastereoselectivity and en- 
antioeeketivity of 5-oxygenation of 2-aryl- 1,3-dithioianes cat¬ 
alyzed by microtomes and highly purified flavin-containing 
monooxygenase and cytochrome P-45<W« from female rabbit 
hmg. In addition, we examine the 5-oxygenation of 2-aryl-l,3- 
cHthiane 5-oxides. The results of our study demonstrate the 
utility of investigating cytochrome P-450- and flavin-contain¬ 
ing monooxygenase-catalyzed 5-oxygenations of aryl-l,3-di- 
thioknes as mechanistic and stereochemical probes of enzyme 
function. 

Experimental Procedures 

Methods and materials. 2-Aiyl-l,3-dith»olanes, 2-aryI-I,3-dithio- 
laua 5-oxkWa, and 2-aryJ-l 3-dithiolane S,5'-dioxid«* were synthesized 
as previously described. 1 Gtucoee-6-phoephate, glucoee-6-phoephate de¬ 
hydrogenase, NADP*. NAD PH, and dilauxylphoephatidyi choline were 
purchased from Sigma Chemical Co. All other reagents and buffers 
were obtained in the highest quality from commercially available 
sou rce s . Aminobenxotriazok wss a gift of Professor Patti Ortiz de 
Montellano of this department. 

Chiral azyl-l£-dithk>lane 5-oxides were synthesized by the method 
of PHcben H at (22). The optical purity of the purified (cu)- and 
(fronr)-5-oxide products were determined by NMR analysis using a 
chiral shift reagent. 1 The absorption spectra of pure (air)- and (trans)- 
S-OXM Sc were determined in order to relate the optical purity of the 
products to the absolute configuration correlation of dialky! 5-oxides 
independently correlated by other means (23). Previous studies of 
thioketal 5-oxides have established the relationship between the CD 
sign and the absolute stereochemistry of the dialkyl 5-oxides (24). A 
positive CD associated with the absorption between 285 and 195 nra 
can ha correlated with an (R)-5-oxide configuration (23). Separation 
of each enantiomer of each diastereomer was accomplished by HPLC 
with a Chinks! OD column, as described below. 2-Aryl-l,3-djthk>lane 
5-oxide* from enzymatic incubations were compared with synthetic 
chiral 5-oxides by HPLC for determination of absolute stereochemis¬ 
try. 

Rabbit lungs were obtained from PeJ-Freex Biological and were from 
pregnant (25-30 days of gestation) New Zealand white rabbits. Rabbit 
lung cytochrome P-4500*^ was isolated end purified from pregnant 
female rabbits as previously described (25). Rabbit lung cytochrome P- 
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450,,.* had a specific content of 14.2 nmol of P-450/mg of protein. 
Rabbit cytochrome P-450ti»* had characteristically high benzpheta- 
mine N-demelhylasc activity (26) (30.4 nmol/min/nmol of enzyme) 
and was a single band (Af, 49,500) estimated to be greater than 95% 
pure by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (27). 
Rat cytochrome 6* and NADPH-cytochrome P-450 reductase were 
purified to apparent homogeneity by a method previously described 
(26), The specific content of cytochrome 6* was 32.6 nmol of 6*/mg of 
protein and the reductase preparation had an activity of 66 proof of 
cytochrome c/min/mg of protein in 0.3 M potassium buffer (pH 7.7) at 
25*. 

Rabbit lung flavin-containing roonooxygenase was isolated end pu¬ 
rified from pregnant female rabbita by a method previously described 
(29). Rabbit lung flavin-containing monooxygenase had a specific con¬ 
tent of 13.4 nmol of flavin/mg of protein. Rabbit lung flavin-containing 
monooxygenase had characteristically high N^N-diroethylaniline N- 
oxygenase activity (30) (33,6 nmol/min/nmol of protein) and was 
judged to be homogeneous (greater than 98% pure) by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (27). 

Metabolic incubations and enzyme assays. 5-Oxygenation of 2- 
aryM,3-dithiolanes by microeomet, highly purified flavin-containing 
roonooxygenase from rabbit lung, or highly purified cytochrome P- 
450m-i from rabbit lung was measured by monitoring 5-oxide product 
formation by HPLC (31). For studies with rabbit lung microtomes, the 
incubation media contained 50 mM potassium phosphite (pH 8.0), an 
NADPH-gtnerating system consisting of 0.5 mM NADP*. 2.0 mM 
glucose-6-phosphite, and 1IU of glucose-6-phosphate dehydrogenase, 
and 0.76 mg of rabbit lung microtome*. The reaction was initiated by 
the addition of substrate (400 pM) and after 5 min the reaction was 
stopped by the addition of cold CH«C1» and analyzed for products by 
HPLC, as described below. For studies with highly purified rabbit lung 
flavin-containing roonooxygenase, the above protocol was used except 
a buffer consisting of 50 mM potassium phosphate (pH 9.0) was 
employed. The major phenobarbiul-mdocible rabbit lung cytochrome 
P-450 (P-45C,,,..,) waa purified from rabbit lung by the method of 
William***al (25). Cytochrome P-450»^4 (0.1 nmol) waa reconstituted 
la the presence of dileurylpbosphatidykhoUne (25 *g) and saturating 
amounts of rat cytochrome P-450 reductase (600 units) and was allowed 
to stand at 4* for 10 min. Sodium phosphate buffer (50 mM, pH 7.4), 
the NADPH-generatlng system, substrate (400 final concentration), 
and rat liver cytochrome b» (0.1 nmol) were added for a total volume 
of 1.0 ml Incubations were carried out for 10 min at 33* with constant 
shaking in air and the reactions were terminated and prepared for 
HPLC analysis as previously described (3l)>* 

The reactions were stopped by the addition of 2 volumes of cold 
CHiCl* After thorough mixing, the insoluble materia) wss separated 
by a brief centrifugation. After filtration through a 4-pro nylon filter 
and evaporation, the extract was taken up in acetonitrile for separation 
and quantitation by HPLC (Ramin system with UV detector set st 240 
nm, with a C-18 prscohimn and 5-#*m C-18 AJtex Ultrasphere ODS 
reversed phase analytical column). The mobile phase (40% CH*CN/ 
H t O, v/v) efficiently separates 2-aryl-l,3-dithk>Lane*, 2-aryl-l,3-dithio- 
lane 5-oxides, and 2-«yM,3-dithiolane 5,5' -dioxides.* The recovery 
of metabolites as judged by HPLC was greater than 88% and 96% of 
this material was the dithiolane, dithio lane 5-oxide, or dilhiolane 5,5'- 
dioxide. The HPLC traces ate remarkably clean and the chromato¬ 
grams show essentially only starting material and 5-oxide. This result 
suggests that other transformations of the dithiolane* are not taking 
place. Quantitation wss accomplished by comparing the integrated arcs 
of the dithiolane, dithiolane 5-oxide, or dithioiane 5,S'-dioxide HPLC 
peak after taking into consideration the extinction coefficient values 
of each species.* 

After analysis of the reaction product* by HPLC as described above, 
the remaining reaction products were evaporated to dryness snd takes 
up in isopropanol/hexane (IS:82. v/v) for separation and quantitation 
by chiral HPLC (IBM model 9000 with UV detector *et at 240 nm, 
fitted with a Chiracel OD analytical column (25 cm x 0 15 cm, i d) 
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from DAJCEL Chemical Ind.) Thi* system efficiently separates the 
starting materiel and enantiomers of <ct?)- and (irons) -5-oxide dies* 
teraoroert.* Quantitation was accomplished by comparing the inte¬ 
grated area for each enantiomer, taking into consideration the extinc¬ 
tion coefficient values of each species, as described previously.* The 
concentration of protein was determined by the method of Bradford 
(32). 

Statistics. Data are expressed as the mean ± standard error. Sta¬ 
tistical analysis was performed by the Student t test for evaluation of 
the difference b e t wee n two means. 

Results 

^-Oxygeutios of 2-aryl-l ,3-dithiolanes. The biotrans- 
fbnnation of 1-5 was studied in vitro with pulmonary micro- 
tomes, highly purified flavin-containing monooxygenase, and 
highly purified cytochrome P-450 u »^ from female rabbits. Pre¬ 
liminary studies demonstrated that pulmonary microsomes 
supplemented with NADPH catalyze the 5-oxygenation of 2- 
aiy i-1,3-dithiolanes to their 5-oxides (Table 1). The formation 
of dithiolane 5-oxide was a linear function of microsome pro¬ 
tein concentration (0-1.4 mg of protein) and of incubation time 
lor at least 7 min. Rabbit lung microsomes that were treated 
with aminobenzotriazole, a mechanism-based inactivator of 
cytochromes P-450 (33),inhibited the 5-oxygenation of 1 and 
t but actually increased the 5-oxygenation of 3-5 (Table 1). 
Although the specificity of aminobenzotriazole towards inhi¬ 
bition of pulmonary cytochromes P-450 is not completely 
understood (34), aminobenzotriazole does not appear to inhibit 
hepatic or pulmonary flavin-containing monooxygenase-me¬ 
diated 5- or N-oxygenation (35-37)' and in some cases actually 
stimulates hetero atom oxygenation (34,35). It is possible that, 
in addition to its role as an inactivator of cytochromes P-450, 
aminobenzotriazole may bind to an effector site and stabilize 
the flavin-containing monooxygenase. The decreased rate of 5- 
oxygenstkm of 1 and 2 in the presence of aminobenzotriazole 
suggests that rabbit lung microsomal cytochrome P-450 may 
contribute to 5-oxygenation of 1 and 2. In order to investigate 
this aspect more carefully, the 5-oxygenation of 1 to 5 was 

TABLE 1 


5-OxygenaHon of 2-aryM,3-dlthk>lan«* by rabbit lung iw fcr oe o m ea 
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4-OCHa 

02* 
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1.0 ±02* 3.3 ±12 

53 
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4-H 
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1.6 ±02 

88 

2.0 ± 0.3* 3.9 ± 1.1' 

34 
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4-CS 

NO* 

6.5 ± 0.5 

100 

0.9 ±0.1* 12 ±0.1* 

26 

4 

4-CN 

NO 

12 ±02 

100 

NO 02 ± 0.1“ 

100 

5 

4-NO, 
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6.1 ± 1.0 

96 

0.8 ± 02* 4.3 ±0.9 

69 


* Aabbftlung microsomes (0.7$ mg ot protefcvtncubation) war* Incubated in the 
prete nce of an NADPH-genereting system. anvnobenzotnaxofe (ACT), and aub- 
slrefe (400 to potassium phosphate buffer (pH 6.0) at 33* for 3 min. Each vafoe 
is Ste avaraga of four cteterrrsnatfons ± standard arror. 

* Incubation parformad as described above in the absence of amlnobenzotna- 
aole. 

* Product dtesteraoselcctive excess (% (frarw^-ojude- % (c«)5-codde). 

•The range of values is 0-0.3 nmol/rn*n/mg of protein 

•*><0001 versus rrverosomes plus amnoberuotnazote. 

*p < 0.05 varsus rrverosomes plus amtooberuotnaxole. 

* NO. Not detectable. 


*J. JL Ceshmen, L. D OU«n. and L. M. Bornheire. Enanticaeiective 5- 
esycenatkm by fUvu)-containing and cytochrome P-450 monooxyfenaae*. Sub- 
autted for publication 
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investigated with highly purified rabbit lung cytochrome P- 
450 mb *• 

As shown in Table 2, cytochrome P-450n B .« efficiently con¬ 
verts 2-aryl-1,3-dithiolanes to their corresponding 5-oxides. 
From the data presented, there is not a strong Hammett-type 
dependence on the electronic character of the aromatic para - 
substituent (38) of the rate of 5-oxygenation, although it ap¬ 
pears that 2-aryl-l,3-dithiolane£ with strongly electron-with¬ 
drawing para-substituents are in general better substrates than 
2-aryl-1,3-dithiolanes with electron-donating para-substituents 
(Table 2). Preliminary studies showed that 5-oxygenation of 

1- 5 catalyzed by reconstituted cytochrome P-450m^ supple¬ 
mented with NADPH is a linear function of protein concentra¬ 
tion (0-0.2 nmol of protein) and of incubation time for at least 
10 min. Formation of 2-aryl-1,3-dithiolane 5-oxide was strictly 
dependent on the presence of cytochrome P-450 reductase, 
dilaurylphosphatidylcboline, NADPH, and cytochrome P- 
450 jj *-4 but was only modestly dependent on the presence of 
cytochrome 6* (date not shown). 

The highly purified flavin-containing monooxygenase from 
rabbit lung catalyzes the N ADPH-dependent 5-oxygenation of 

2- aryl*l ,3-dithiolanes to their corresponding 5-oxide (Table 2). 
Preliminary studies showed that S-oxygenation of 1-5 by the 
highly purified rabbit lung flavin-containing monooxygenase 
wss a linear function of protein concentration (0-0.6 nmol of 
protein) and of incubation time for at least 5 min. As shown in 
Tsble 2, 5-oxygenation of 1-6 was observed to occur at a 
uniformly high rate and no apparent Hammett-type depend¬ 
ence (38) on the electronegativity of the dithiolane aryl para- 
substituent was observed. These results are in agreement with 
other studies that demonstrate that nonaromatic five-mem* 
be red ring systems that contain a hetero atom art among the 
best substrates known for the pulmonary rabbit flavin-contain¬ 
ing monooxygenase (15,19, 37).* The lack of a Hammett-type 
substituent dependence (38) of the rate of 5-oxygenation is 
similar to that observed for 5-oxygenation of 2-aryl-1,3-dithio- 
lanes with other flavin-containing monooxygenase enzyme sys¬ 
tems, as well as other studies with dialkylsulfides, which suggest 
that all good substrates for the flavin-containing monooxygen¬ 
ase (8, 39, 40) have similar V M , values. 

That concurrent nonenzymatic S-oxygenation of aryl-1,3- 
dithiolanes does not contribute to the formation of the 5-oxides 
stems from the observations that (a) the ratio of diastercomers 
remains constant over the time course of the reaction, (b) 
chemical oxidation (i.e., oxidation of 1—5 to S-oxides in the 
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S*OxygtnatIon of 2-«ryt-V3-dithto<anes by rabbK lung flavin- 
containing monooxygenaae and cytochrome P-SStW* 
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4-OCH, 

ND* 

22.3 ± 2.0 

100 

ND 

6.9 ±14 

100 
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4-H 

NO 

24.4 ± 6.1 

100 

ND 

1.0 ±0.1 

100 

3 

4-CI 

NO 

17.1 ± 1.9 

100 

ND 

2.7 ± 0 8 

100 

4 

4-CN 

NO 

26.4 ± 1.1 

100 

ND 

19.3 ±09 

100 

5 

4-NO a 

NA* 

NA 


ND 

9.5 ± 1.8 

100 


• Incubahons were performed as described n Experimental Procedures and me 
values are the average ol 4 determinations ± SE 

* Dustefcosetective excess as described et Table 1. 

• NO. not detectable 

* NA not ava*ab*e. 
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presence of H*0 a or NalO«) is extremely slow (40) and requires 
a large concentration of oxidizing agents, and (c) incubations 
performed in the presence of catalase gave the same stereose¬ 
lectivity of 5-oxidation as those incubations performed in the 
absence of catalase (data not shown). That 1—5 are not oxidized 
by lipid peroxides or endogenous H*0* during the short incu¬ 
bation times employed can be seen from a comparison of the 
diastereoaelectivity of H,0,- or NaI0 4 catalyzed 5-oxygenation 
of 1—5 and the diastereoaelectivity of the microtome-catalyzed 
5-oxygenation of 1-5. The average percentage diastereoaelec¬ 
tivity for NaIO< and H*O z -catalyzed 5-oxidation of 1-5 is 39 
and 31%, respectively (data not shown). Por pulmonary micro¬ 
tomes, the average percentage diastereoaelectivity for 5-oxy¬ 
genation of 1—5 in the presence and absence of ammobenzo- 
triazole is 94 and 57%, respectively (Table 1). The data suggest 
that nonenzymatic processes do not contribute to 5-oxygena¬ 
tion of 1-5 and that in the presence of aminobenzotriazole the 
diastereoaelectivity is markedly increased. 

5-Oxygenation of 2-ary I-1,3-dithiolane 5-oxides. The 
5-oxygenation of 2-aryl- 1^3-dithiolane 5-oxides with various 
rabbit lung monooxygenase preparations was performed in 
order to determine the products of the reactions as well as to 
determine the enzymes involved in the transformations. In the 
pretence of rabbit lung microtomes supplemented with 
NADPH, 2-aryl-1,3-dithiolane 5-oxides are 5-oxygenated to 
the corresponding S,S'-dioxide (Table 3). In contrast to initial 
5-oxygenation of dithiolanes, the rate of rabbit lung microsome 
catalyzed 55'-dioxygenation is significantly decreased and a 
tendency for a modest Hammett-type substituent dependence 
(38) of the rate of 5'-oxygenation is observed. Thus, compounds 
6a and 7a are S-oxygenated at an elevated rate, compared with 
compounds 9a and 10a, A modest Hammett-type substituent 
dependence of the 5'-oxygenatIon of 2-aiyl-l,3-dithioiane 5- 
oxidts is observed for the purified flavin-containing monooxy¬ 
genase from rabbit lung (Table 3). As observed for rabbit lung 
microsomes, the rate of 5-oxygenation catalyzed by purified 
rabbit flavin-containing monooxygenase of compounds 6a— 
10a is significantly decreased, in comparison with the parent 
sulfide. Compounds 6a -8a are 5-oxygenated more efficiently 
than 9a and 10a. Incubations performed with 6a-10a in the 
presence of rabbit lung cytochrome P-450|, i-t gave variable and 
only very small 1 amounts of 5,5' -dioxide products. As a result, 

TABLE3 

S-Oxygtfwtfon of 2-aryt-1,3-dithlolan« 3*oxtdes by rabbh lung 
- microtomes and rabbit kmg flavin-containing monooxygtnase 
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'Incubation* pertormad as described Jn ExpeiweoUl Procedures. 

•The range ot values ts 0-02 nmol/nw/mg of protein or nmol/ran/nmo* c4 
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* NO. not detectable. 


the amount of S,S'-dioxygenation catalyzed by rabbit cyto¬ 
chrome P-450 iib-« was not quantitated 

In a control experiment, addition of aryl-1,3-dithiolane S- 
oxides 6a- 10a to inactive rabbit pulmonary microsomes or to 
active microsomes in the absence of NADPH did not result in 
any transformation of 6a-10a. This result suggests that re¬ 
duction or other transformation of 6a—10a does not occur 
during the short time period of the incubation. That no aryl- 
1, 3-dithiolane (from reduction) or para-substituted benzalde- 
hyde (from oxidation) is observed in the metabolic reactions of 
6a-l0a shows that 5-oxygenation of 6a-10a is the only 
detectable biotransformation taking place. 

Stereoselectivity of 2*aryl*l,3«dithIo!ane 5-oxygena¬ 
tion. As shown in Table 4, a slight stereochemical preference 
for addition of an oxygen atom by rabbit lung microsomes is to 
the pro-5-sulfur atom for 1 and 2 and to the pro-5-sulfur atom 
for 3 and 4. Thus, for 2, addition of an oxygen to the pro-5- 
sulfur atom was found to be 59% (Le., 40% 15,25; 19% 1 S£R) f 
with 41% addition of oxygen to the pro-5-sulfur atom (Le., 26% 
15,25; 15% 15,25). In the presence of aminobenzotriazole, the 
increased enantioselectivity for 5-oxygenation of 2 shows a 
preference for addition of oxygen to the pno-5-sulfur atom (i.e., 
64% 15,25), with 36% addition of oxygen to the pro-5-sulfur 
atom (Le., 36% 15,25). For 3 and 4, a marked preference for 
addition of oxygen to the pro-5-tulfur atom was observed (Le., 
average value of 73% 15^5), with 27% addition of oxygen to 
the pro-5'tulfur atom <i.e., 12% 15,25 and 15% 15,25). In the 
presence of aminobenzotriazole, the enantioselective 5-oxygen¬ 
ation of 1, 3, and 4 was significantly increased (i.e., average 
value of 88% 15,25 and 12% lS,25). 

For rabbit lung cytochrome P-450«a-*» a marked preference 
for addition of oxygen to the pno-5-sulfiir atom of 1-4 was 
observed (Le., average percentage enantioselectivity of 91% 
15,25 and 9% 15,2S). In strong contrast, almost exclusive 
preference for addition of oxygen to the pro-5-sulfur atom was 
observed for the highly purified rabbit pulmonary flavin-con¬ 
taining monooxygenase (Table 4). The results clearly demon¬ 
strate that rabbit lung cytochrome P-450 n a^ and flavin-con¬ 
taining monooxygenase 5-oxygenate 1—4 with opposite enan¬ 
tioselectivity. 

That nonenzymatic 5-oxygenation is not occurring can be 
seen from a comparison of enzymatic versus H,Oi-cata)yzed 5- 
oxidation of 1—5. As shown in Tsble 4, enantioselective S- 
oxidation of 1-5 is quite large. In contrast, H*0*~c*tatyzed 5- 
oxygenaUon of 1—5 has zero enantioselectivity (data not 
shown). 

Discussion 

The overall enzymatic 5-oxygenation of 2-aryl-l,3-dithio- 
lanes with microsomes or highly purified flavin-containing 
monooxygenase or cytochrome P-450»*^ from rabbit lung can 
be described by the scheme in Fig. 1. Each step has been 
investigated with five paro-substiluted 2-aryl-1,3-dithiolanes 
and represents a process that converts the dithiolane to the 
corresponding dithiane 5-oxide and, in a second reaction, con¬ 
verts the 5-oxide to the dithiolane 5,5'-dioxide. At extremely 
long reaction times, the 5,5'-dioxide is not indefinitely stable 
and is converted to the corresponding benzmldehyde (in a 
process that presumably involves formation of the dithiolane 
5,5,5'-trioxide) (40), but during the short incubation times 
employed in this study decomposition of 5-oxide reaction prod- 
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TABLE4 

Stsrsos e tec tf v S-oxygenation of 2-»ryi-1,3-dithto*anos by various rabbit bmg enzyme preparations 

AbaoMa ttaraochcmatry w*k Ottcmnned Irom reactions shown m Tables 1 and 2, as dascrtoad in Experiment* Procedures Each value is the average c4 four 
de te mUneto n s ± standard error. 
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ND 

ND 
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ND 
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ND 

ND 
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nets (fid not pose a problem and no pom-aubstituted benzalde- 
hyde was ever observed. 

For the 5-oxyg« nation of 2-aryl- 1,3-dithiolanea by rabbit 
lung microsomes, a significant contribution to the 5-oxygena¬ 
tion of 1 and 2 may be due to cytochromes P-450 whereas 3. 
4, and 5 are largely 5-oxygenated by tha flavin-containing 
monooxygenase. This conclusion is based on the results of the 
effects of aminobenzotmxole (Table 1) and from the determi¬ 
nation of the absolute stereochemistry of the 5-oxide products 
obtained (Table 4) (see below). It is possible, however, that 
another unidentified aminobenzotriaxole-senritiva reaction is 
also in part responsible for 5-oxygenation of 1 and 1 Although 
aminobenzotriazole is known to stimulate rabbit lung micro¬ 
somal oxygenation of substrates of the flavin-containing mon- 
ooxygenase (34), this does not preclude other processes from 
contributing to substrate oxidation. 

Aminobenzotriazole, a mechanism-based inactivator of cy¬ 
tochromes P-450 (33), significantly inhibits the formation of 6 
and 7 from 1 and 2 (Table 1). Stereochemical analysis (Table 
1) of the products formed from rabbit lung microtomes dem¬ 
onstrates that, in the presence of aminobenzotriazole, the dias- 
tereoselectivity for (irons )-S-oxide formation increases. For 2, 
in the absence of aminobenzotriazole, the increased enantio- 
selectivity Ji.e., mainly (pro-5KS-oxideJ it consistent with the 
involvement of cytochrome P-450 in the S-oxygenation (data 
not shown). That the 5-oxide enantiomer that is increased in 
the presence of aminobenzotriazole is mainly the (pro-R)-S- 
oxide for 3 and 4 suggests that the flavin-containing monoox¬ 



ygenase is primarily responsible for the 5-oxygenation of 3 and 
4 in rabbit lung microtomes. Compound X, at least in part, 
appears to be 5-oxygenated by cytochromes P-450 but in the 
presence of aminobenzotriazole 1 is almost exclusively 5-oxy- 
genited by tha flavin-containing monooxygenase (Le., 97% 
(front)-(IR^f?)-5-oxide is formed; data not shown]. This may 
suggest that rabbit lung microaomes contain a cytochrome P- 
450 that is particularly sensitive to the inhibitory properties of 
aminobenzotriazole (34) and this isozyme is the major contrib¬ 
utor to cytochrome P-450-dependent 5-oxygenation of 1. 
Whereas a specific aminobenzotriazole-sensitive cytochrome 
P-450 isozyme may participate in the 5-oxygenation of 1, tha 
flavin-containing monooxygenase is largely responsible for 5- 
oxygenation of 1 in rabbit lung microtomes. 

For both highly purified rabbit lung flavin-containing mon¬ 
ooxygenase and cytochrome P-45(W«, 2-aryl-l,3-dithiolanc» 
1—6 are efficiently S-oxygcnated (Table 2). 5-Oxygenation of 
1—5 by tha purified monooxygenases is highly diastereoselec- 
txve for formation of the (tror»)-5-oxide diastereomer. Varying 
the electronic nature of the para-substituent of 2-sryl-l,3- 
dithiolanes does not influence the rate of flavin-containing 
monooxygenase-catalyzed 5-oxygenation. These results are in 
agreement with other studies that suggest that at least for this 
class of substrate the rate-determining step occurs after product 
formation (15). In contrast, cytochrome P-459»s-4 tends to 5- 
oxygenate electron-deficient para-substituted 2-aryl-1,3-dithio- 
lanes more efficiently than electron-rich para-substituted 2- 
■ryl-l^-dithiolanes in disagreement with other studies employ¬ 
ing hepatic enzyme systems (41) (Table 2). The results with 
cytochrome P-450 tend to support the notion that electron- 
deficient dialkylsulfides are 5-oxygenated more efficiently than 
electron-rich dialkylsulfides (41). 

The S-oxygenation of 2-aryl-1,3-dithiolane 5-oxides was in¬ 
vestigated with microtomes and highly purified flavin-contain¬ 
ing monooxygenase and cytochrome P-450,1*.* from rabbit lung. 
As shown inTable 3, microtomes and purified fiavin-containing 
monooxygenase are competent to S-oxygenmte 6s-10s. At¬ 
tempts to demonstrate cytochrome P-450n*^-catalyzed S-oxy¬ 
genation of 6a-l0a were unsuccessful. From the limited data, 
it appears that 5-oxide 5'-oxygenation is largely dependent on 
flavin-containing raonooxygenase activity, although compared 
with 5-monooxygenation the rate of 5,5'-dioxide formation is 
markedly decreased. In contrast to 5-monooxygenation, 5,5'- 
dioxygenation is somewhat sensitive to the nature of the para- 
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substituent, demonstrating a Hammett correlation (i.e., p value 
of 0.3 and 0.27 for mkrosome* and purified flavin-containing 
monooxygenase from rabbit fang, respectively) (Table 3). Based 
on the results presented, a distinction between a single-electron 
transfer mechanism and an anionic nucleophilic mechanism 
for 5-oxygenation cannot be made solely on the basis of Ham¬ 
mett-type correlations (40, 43). Stereochemical analysis of the 
products of 5,5'~di oxygenation, in principle, could provide 
insight into enzyme mechanism. However, the relative insta¬ 
bility of the 5,5'-dioxides precluded careful examination of the 
absolute stereochemistry of 11—16. Absolute stereochemistry 
assignments of 5-monooxide metabolites of 1—4 were investi¬ 
gated and this has led to an understanding of rabbit pulmonary 
monooxygenase mechanism. 

A summary of the results of 5-oxygenation catalyzed by 
microtomes and purified cytochrome P-iSOu*^ and flavin-con¬ 
taining mo nooxygen are from rabbit lung is shown in Tables 1, 
2, and 4. From the results shown in Tables 1 and 2 it is apparent 
that the 5-oxygenation of 1-5 is highly stereoselective and the 
({ran*)-5-ox$de product is formed in large excess of the (cu)- 
5-oxide. For rabbit lung aaicroeomes the diaatereoselective ex¬ 
cess was modest and varied between 100% and 28%, with an 
average value of 57% (Table 1). In the presence of aminoben- 
xotriaiole, a mechanism-based inactivator of cytochromes P- 
450 (33) and an agent that does not inhibit pulmonary flavin- 
containing raoDooxygenase activity (34,37), a marked increase 
in diaste reoselectivity is observed. The diaatereoselective excess 
varied between 100% and 86%, with an average value of 04%. 
We interpret these results to suggest that the contribution to 
dithlolane 5-oxygenation from rabbit lung cytochrome P-450 
is significant and the low diastereoselective excess observed for 
hug microtomes in the absence of aminobenzotriazole reflects 
an involvement of cytochrome P-450 in (cif)-5-oxide forma¬ 
tion. For the 2-aryI-I,3-dithioIanes studied, both the purified 
flavin-containing monooxygenase and the purified cytochrome 
P~450n»^ from rabbit lung catalyze exclusive formation of the 
(trans)-S-oxidc (Table 2). Because the flavin-containing mon¬ 
ooxygenase catalyzes only (trone)-5-oxide formation of 1—5 
this suggests that some other monooxygenase [presumably 
cytochrome P-4501VA4 (pg-*>) ox IVB1 (form 5), which are the 
ether major isoenzymes present] catalyzes formation of the 
(cu)-5-oxide of 1-5. 

As shown in Table 4, the absolute stereochemistry of 5- 
oxygenation of 1-4 catalyzed by microtomes, flavin-containing 
monooxygenase, and cytochrome P-45<W« from rabbit lung 
was determined. It is clear that rabbit lung flavin-containing 



2. S-oxygenehon of 2-aryM,3-dithio*anes by cytochrome P-450- 
cataiyzed 'edge-on* 5-oxygenation end ftavirveontaining monooxygen¬ 
ase (FAIO)-cata(yzed S-oxyyenaiion. 


monooxygenase has a marked preference for forming ( trans )- 
(/K,2H)-S-oxides. In contrast, cytochrome P-450, lg 4 5-oxygen¬ 
ates 1—4 to produce exclusively (irari5)-(/S,2S)-S-oxides. 
From inspection of the stereochemistry of 5-oxide products 
from experiments employing rabbit lung microsomes, it is ap¬ 
parent that cytochrome P-450 is preferentially responsible for 
5-oxygenation of 2, whereas flavin-containing monooxygenase 
activity is mainly responsible for 5-oxygenation of 1, 3,4, and 

5. Thus, attack by the peroxyflavin of rabbit lung flavin- 
containing monooxygenase is directed to the pro-A-sulfur atom, 
whereat attack by the cytochrome P-450 iron-oxo species is 
directed to the (pn?-5)-sulfur atom. It It possible that the 2- 
aryl-1,3-dxthiolanes are 5-oxygenated by rabbit pulmonary cy¬ 
tochrome P-450 in an “edge-on* orientation with respect to the 
dithiolane group and the beme moiety, whereas rabbit pulmo¬ 
nary flavin-containing monooxygenase requires alignment of 
the dithiolane substrata in a deep narrow cleft where ateric 
interactions between the peroxyflavin and the aryl group con¬ 
strain the substrate into a trans-orientation (Fig. 2). Compared 
with bog liver flavin-containing monooxygenase, which can 
produce (cu)-2-axy 1-1,3-dithiolane 5-oxide products as well as 
(trans)-2-«iyl-l v 3-dithioiane 5-oxide products (40),* it would 
appear that the rabbit lung flavin-containing monooxygenase 
is highly stereoselective and presumably possesses a much 
smaller binding pocket than the hepatic form of the enzyme. 
That a large degree of enentioselectivity is observed for both 
monooxygenase-catalyzed reactions suggests that, if single- 
electron transfer reactions are on the reaction pathway, collapse 
of active oxygen species with sulfide ration radical is more rapid 
than rearrangement or isomerization of a sulfur cation radical, 
at least for this class of substrate (43). However, an alternative 
mechanism involving nucleophilic attack via anionic mecha¬ 
nism* is favored for the flavin-containing monooxygenase (40, 
42). 
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